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I. INTRODUCTION

The postdoctoral fellowship grant was awarded to the principal investigator (PI) for the
period of Feb. 1, 2008—Dec. 1, 2008. The aim of this investigation is the development of
a near real-time 3D internal fiducial tracking system based on the combined use of kilo-
voltage (kV) and mega-voltage (MV) imaging. Specific goals of the proposal included:
(1) initial system setup and configuration; (2) creation of image processing and analysis
algorithms; and (3) evaluation of the overall performance of the MV-kV technique.
Under the generous support from the U.S. Army Medical Research and Materiel
Command (AMRMC), the PI has contributed significantly to the radiation treatment of
prostate cancer. Several conference abstracts and refereed papers have been resulted from
the support. The fellowship also allowed the PI to obtain research training in prostate
cancer while accomplishing the proposed projects. The preliminary data and research
opportunity gained under the support of this grant has enabled the PI to obtain a faculty
instructor position in the Department of Radiation and Cellular Oncology at The
University of Chicago.

I1. RESEARCH AND ACCOMPLISHMENTS

In radiation therapy (RT), creating a highly conformal dose distribution to a static 3D
target is largely solved by techniques such as intensity modulated radiation therapy
(IMRT) 2. What remains problematic is how to take into account the dynamic nature of
human anatomy, where both inter- and intra-fraction organ motion can limit target dose
conformity ® * and therefore local tumor control °. Tumor motion can be addressed by
increasing the planning target volume (PTV) to include the entire range of motion of the
target, however, usually at the cost of irradiating more healthy tissues. Other techniques
used to address tumor motion are direct patient intervention through breath-hold
techniques °, or the delivery of radiation only when the target is in a known geometric
location by the use of gating . These techniques transform the problem of targeting a
moving tumor into a more easily manageable static treatment case. Ideally, one would
like to deliver highly conformal radiation, as provided by IMRT in the static case, to a
moving target without beam interruption or patient intervention. Promising candidates in
this direction include tumor tracking by moving the radiation source itself ™ or the
beam defining multi-leaf collimator (MLC) ***°.

To successfully guide a gating or a tracking RT delivery system, a real-time knowledge
of the target geometric location is necessary. Several methods of obtaining the real-time
tumor position are available, and these can be categorized as being either indirect
(surrogate-based) or direct (fiducial/image) in nature. In general, indirect tumor location
methods, such as external skin marker tracking ** 1" 8 or breath monitoring techniques *°,
rely on the correlation between external body parameters and the tumor. In reality, the
relationship between external parameters and internal organ motion is complex and a
large uncertainty may be present in predicting the tumor location based on external
signals 2 %%, The unreliable correlation represents one of the weakest links in the quality



chain of respiration-gated and 4D RT. A direct tumor position measurement is highly
desirable for therapeutic guidance.

With the emergence of RT machines equipped with both onboard kV imaging and EPID,
the potential exists to obtain the tumor position in real-time during the radiation delivery
process through a combined use of the MV treatment beam and kV projection images. In
this proposal we report our implementation of such a real-time 3D tracking system and
demonstrate that a spatial accuracy of < 1 mm is achievable in tracking fiducials using
the proposed technique. The method takes advantage of the MV-kV imaging devices
already mounted on commercially available treatment machines, thus providing an easily
implemented method for monitoring intra-fractional tumor motion. Since projection data
containing 2D target information is obtained using the actual treatment beam, the
proposed method only requires the use of one kV source in gaining the other spatial
dimension necessary for full 3D target localization. Compared to other fluoroscopic
tracking systems, which require the use of two or more additional kV x-ray imaging
systems, the technique may offer potential radiation sparing to the patient and overall
system cost reductions. With the use of real-time spatial trajectory information of
fiducials, it is hoped that uncertainties in intra-fraction target localization can be greatly
reduced, thus ensuring a more accurate delivery of the planned conformal dose
distribution.

Fig. 1: Varian Trilogy with MV and kV imagers in extended positions (left). Laboratory frame of
reference is denoted by dashed arrows. A 4D stepper motor phantom is located on the couch. Process
paths used for image acquisition are indicated. Right is a geometric sketch detailing variables used
for calculation of a marker's (x, y, z) position from isocenter (0,0,0). The xz-plane is shown with the
y-axis pointing out of the page.

Fig. 1 shows the experimental setup used for real-time 3D MV-kV tracking. The
maximum frames per second (fps) obtainable from the MV and kV detectors currently
are 9.5 Hz and 15 Hz, respectively. The kV and MV source detector distances (SDD)
were set to 180 cm and 150 cm, respectively, though in principle this can be varied to a
wide variety of distances as allowed by the robotic arms (Fig. 1).

With orthogonally placed MV and kV imagers on the gantry the detected marker's
projection on the images can be converted to real-space (x,y,z) locations from system



isocenter using the geometric relationships depicted in Fig. 1 and given by the following
relations (Eq. 1 - 4),

Xmv _ X

dMV—s +d|v|vfd B dmvfs —Z 1)
Yw Y

dMV—s + dMV—d dMV—s —Z (2)
Xy _ z
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de—s + dkv—d de—s +X . (4)

Here (x,y,z) corresponds to the marker's position from system isocenter. The MV and kV
photon source-to-isocenter distances are given by dMV-s and dkV-s, respectively. The
isocenter to MV and kV detector distances are given by dMV-d and dkV-d, respectively.
The algorithm also takes into account gantry angle (0) by use of a rotational transform
matrix equation to connect the systems frame of reference with that of the laboratory,

cosd 0 sind | x X'
0 1 0 |y[=|Y
—-sind 0 cosd |\ z z'

()

where (x',y',z") denotes the marker's coordinates from system isocenter in the lab's frame
of reference.

A dedicated image processing PC was used to process and analyze both kV and MV
video streams simultaneously as detailed in Fig. 1. Initially, an intensity-based filter was
used to segment the metallic markers from the captured MV and kV images, however it
was found that for the MV images, an intensity based method was problematic when the
marker was moving in the vicinity of high density objects such as bone. Additionally, the
inherent low contrast of EPID imaging between different material densities is
problematic for successful fiducial identification. We have therefore replaced with filter
with a template matching algorthim as recently reported by Mao et al. %.



Fig. 2: Tracked geometric 3D motion of a marker over time for the 180° gantry angle during a SS-
IMRT delivery for an oscillating phantom (left) and for a simulated lung patient (right). Grey strips
correspond to MV beam interrupts or ‘steps’ of the MLC controller. The thick red line is the
experimentally tracked motion using the MV-kV method. Triangles represent the use of correlation
to estimate the markers position in the event of MV beam interruption. Thin black line is the pre-
programmed motion.

The MV-kV method was evaluated using a programmable 4D motion platform (Fig. 1) to
reproduce actual, irregular, patient motion data. Input trajectory files were created from
pre-recorded lung tumor motion obtained using a Cyberknife Synchrony (Accuray, Palo
Alto, CA). SS-IMRT lung plans originating from prior treated patients were used to
reproduce the typical beam interrupts seen clinically. Fig. 2 highlights a portion of the
tracked motion for lung patient #1 along the X, y, and z directions (thick red line) using a
typical SS-IMRT plan. As shown, the MV-kV tracked motion agrees well with the actual
inputted motion into the platform (thin black line). Grey strips represent tracked data gaps
as the MV beam was interrupted due to MLC steps. The points (triangles) during the step
portions correspond to where linear correlation was used to estimate the 3D coordinates
during MV beam loss. Comparison of the measured to the actual inputted motion at this
particular gantry angle reveals a RMSE of x = 0.16 mm, y = 0.31 mm, and z = 0.1 mm.
This error increases to a RMSE of x = 0.23 mm, y = 0.62 mm , and z = 0.21 mm when
only one imager is used for tracking together with an updated correlation model.



The correlation model used in Fig. 2 (triangles) was developed as a method to increase
the robustness of MV-kV tracking. Radiation treatment modalities as step-and-shoot
IMRT, where the treatment beam is turned off every time the MLC steps to a new
segment, inherently contain MV beam interruptions. Additionally, dose sparing can be
further improved by application of a correlation model together with MV-kV imaging
since the kV beam can be turned off whenever tracking can be accomplished by the MV
imager alone. It remains to be investigated as to what extent the kV imaging can be
reduced with the prerequisite of maintaining continuous real-time 3D target tracking.

I11. KEY RESEARCH ACCOMPLISHMENTS

e First demonstration of a real-time 3D internal marker tracking system based on
combined MV-kV imaging.

e Built an internal fiducial marker algorithm detection algorithm for the use of MV
images.

e Developed a correlation algorithm for the MV-kV tracker to buffer against sudden
imager interrupts and for potential kV diagnostic dose reduction.

e Demonstrated the first use of MV-kV tracking during arc radiotherapy.

e Several research groups have initiated projects involving MV-kV imaging and
one radiotherapy equipment manufacture has shown interest in using MV-kV
tracking in their future products.

IV. REPORTABLE OUTCOMES

The following is a list of publications resulted from the grant support. Copies of the
publication materials are enclosed with this report.
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New Employment:

With the help of this grant and associated publications, the Pl has obtained a faculty
position at the Instructor level in the Department of Radiation and Cellular Oncology at
The University of Chicago. The Pl would like to continue his research in using MV-kV
tracking for prostate cancer treatment and to contribute to better prostate patient care by
application to the 2009 DOD New Investigator Award.

V. CONCLUSION

A real-time 3D fiducial tracking system using combined kV and MV imaging has been
successfully demonstrated for the first time. This technique is especially suitable for RT
systems already equipped with on board kV and EPID imaging devices. The geometric
accuracy of the system is found to be on the order of 1 mm in all three spatial
dimensions. Given its simplicity and achievable accuracy, the proposed approach, should
find widespread clinical application in real-time monitoring of the tumor position and in
providing control signal to respiration-gated and even 4D radiation therapy.
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Abstract

The integration of onboard kV imaging together with a MV electronic portal
imaging device (EPID) on linear accelerators (LINAC) can provide an easy
to implement real-time 3D organ position monitoring solution for treatment
delivery. Currently, real-time MV—kV tracking has only been demonstrated
by simultaneous imagining by both MV and kV imaging devices. However,
modalities such as step-and-shoot IMRT (SS-IMRT), which inherently contain
MV beam interruptions, can lead to loss of target information necessary for 3D
localization. Additionally, continuous kV imaging throughout the treatment
delivery can lead to high levels of imaging dose to the patient. This work
demonstrates for the first time how full 3D target tracking can be maintained
even in the presence of such beam interruption, or MV/kV beam interleave,
by use of a relatively simple correlation model together with MVV—kV tracking.
A moving correlation model was constructed using both present and prior
positions of the marker in the available MV or kV image to compute the position
of the marker on the interrupted imager. A commercially available radiotherapy
system, equipped with both MV and kV imaging devices, was used to deliver
typical SS-IMRT lung treatment plans to a 4D phantom containing internally
embedded metallic markers. To simulate actual lung tumor motion, previous
recorded 4D lung patient motion data were used. Lung tumor motion data of
five separate patients were inputted into the 4D phantom, and typical SS-IMRT
lung plans were delivered to simulate actual clinical deliveries. Application
of the correlation model to SS-IMRT lung treatment deliveries was found to
be an effective solution for maintaining continuous 3D tracking during ‘step’
beam interruptions. For deliveries involving five or more gantry angles with
50 or more fields per plan, the positional errors were found to have <1 mm
root mean squared error (RMSE) in all three spatial directions. In addition to
increasing the robustness of MV-kV tracking against beam interruption, it was
also found that use of correlation can be an effective way of lowering kV dose

0031-9155/09/010089+15%$30.00 © 2009 Institute of Physics and Engineering in Medicine Printed in the UK 89
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to the patient and for increasing kV image quality by reduction of MV scatter
interference.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In radiation therapy (RT), creating a highly conformal dose distribution to a static 3D target is
largely solved by techniques such as intensity modulated radiation therapy (IMRT) (AAPM
IMRT Sub-committee, 2003, Xing et al 2005). What remains problematic is how to take into
account the dynamic nature of human anatomy, where both inter- and intra-fraction organ
motion can limit target dose conformity (Shirato et al 2004, Xing et al 2006) and therefore
local tumor control (van Herk 2006). Techniques as beam gating (Kubo et al 2000, Li
et al 2006, Wink et al 2008) and beam tracking by moving the radiation source itself
(Schweikard et al 2000, Ozhasoglu 2006) or the beam defining multi-leaf collimator (MLC)
(Keall et al 2001, Neicu et al 2003, Papiez 2003) address this issue, and potentially can reduce
normal tissue complications while increasing local control through dose escalation to mobile
tumors in the thorax and abdomen. Such techniques necessitate precise geometrical tumor
knowledge at all times. Recently, real-time 3D tumor position tracking during the actual
radiation delivery has been demonstrated by use of MV treatment beam imaging combined
with kV imaging (Wiersma et al 2008). Unlike stereoscopic kV-based methods, which require
two or more kV sources for 3D marker positioning (Shirato et al 1999, Berbeco et al 2004),
only one kV source is required for full geometric information of the implanted markers
since the actual MV treatment beam is used for positioning. This is particularly beneficial
to LINACs pre-equipped with both an onboard kV imager and an electronic portal imaging
device (EPID) since the MV-kV method can be implemented without significant hardware
upgrades. Additionally, the use of the MV beam for geometric tumor information reduces the
total imaging dose needed for tracking since only one kV source is needed compared to other
techniques using multiple kV sources.

Currently, the MV-kV tracking method has only been demonstrated when both MV
and kV images are acquired simultaneously (Wiersma et al 2008). However, in actual
clinical situations, continuous and uninterrupted acquisition of both MV and kV image data
simultaneously is generally not feasible. Radiation treatment modalities as step-and-shoot
IMRT (SS-IMRT), where the treatment beam is turned off every time the MLC steps to a
new segment, inherently contain MV beam interruptions. Such interruptions would lead to
geometric tracking errors due to loss of MV target information. In this work, we provide a
solution for allowing continuous real-time MV—kV tracking even in the event of MV or kV
beam interruption through the use of correlation between the MV-kV imagers.

The central idea of our approach is that even when one imaging beam is off, two positional
degrees of freedom of the actual target are still measured by the other imager, leading to a
strong dimensional correlation that can be used to estimate the missing degree of freedom.
The main prerequisites for the technique are (1) the establishment of a correlation model
based on prior target information and (2) that at least one imaging source, either the MV or
kV imager, is available at the specific instant of time during the delivery. To lower the chance
of target positional error, a moving time window approach is used to continuously update the
correlation function. This differs from other correlation methods, which initially establish an
external to internal marker correlation function at the beginning, and then only periodically
update this function every 30-60 s (Kanoulas et al 2007). Applied to step-and-shoot IMRT,
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Figure 1. Varian trilogy with MV and kV imagers in extended positions (left). Laboratory frame
of reference is denoted by dashed arrows. A 4D stepper motor phantom is located on the couch.
Process paths used for image acquisition are indicated. Right is a geometric sketch detailing
variables used for calculation of a marker’s (X, vy, z) position from the isocenter (0, 0, 0). The xz
plane is shown with the y-axis pointing out of the page.

the method allows continuous real-time 3D marker tracking by taking both MV and kV images
during the ‘shoot’ portions and only kV images during the ‘step’ portions.

One of the primary motivators of using external-to-internal correlation for fluoroscopic
tracking systems based on multiple kV x-ray sources is to reduce the imaging dose cost to
the patient (Kanoulas et al 2007, Schweikard et al 2000, Murphy 2004). MV-kV tracking is
naturally advantageous in this aspect, since projection data containing 2D target information
are obtained using the actual treatment beam without additional imaging dose to the patient.
Thus, for full 3D target localization, only one kV source is required, effectively lowering the
imaging dose to the patient in comparison with other stereoscopic kV tracking systems.

2. Materials and method

2.1. Hardware set-up

A Varian Trilogy'" system (Varian Medical Systems, Palo Alto, CA) operating in the 6 MV
photon mode was used for this study. Images of the MV beam were acquired using an
amorphous silicon (aSi) EPID (PortaVision MV aS-1000, Varian Medical Systems, Palo Alto,
CA) attached to the LINAC as shown in figure 1. The kV imaging was obtained by using
the onboard kV imaging system located perpendicular to the treatment beam. The device
consists of a 125 kV x-ray tube together with an aSi flat panel imager (PaxScan 4030CB,
Varian Medical Systems, Salt Lake City, UT). The kV imager has a pixel area of 40 cm x
30 cm with a pixel pitch of 388 wm, corresponding to a maximum resolution of 1024 x 768.
The MV detector has a pixel width of 392 xm and a maximum resolution of 1024 x 768,
corresponding to a 40 cm x 30 cm effective area of detection. The maximum frames per
second (fps) obtainable from the kV and MV detectors in this work are 15 Hz and 9.5 Hz,
respectively. Both kV and MV source-to-detector distances (SDD) were set to 150 cm.

2.2. MV—=kV cylindrical marker detection and 3D localization

A previously reported in-house pattern matching algorithm specifically designed for both
MV- and kV-based images was used to segment the cylindrical markers from the image
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background (Mao et al 2007). The detection algorithm employed a two criteria system based
on a correlation score and a scaling factor to extract the spatial coordinates of the fiducials.
This allowed successful marker detection even on MV images where inherent low contrast
can make image-intensity-based marker detection difficult.

Two coordinate systems were used; the system frame of reference can rotate with the
gantry, whereas the laboratory frame depicted in figure 1 is fixed in space. Therefore, the
system and laboratory reference frames are connected to a simple rotational transform around
the superior—inferior (SI) axis:

cosd 0 sing x’ X
o 1 0 |[y]=|» 1)
—sind 0 cos6 7 b4

where 6 denotes the gantry angle and x, y and z denote the marker’s coordinates away from
isocenter in the laboratory frame of reference. After the detection of the marker’s center-of-
mass on the imager (denoted by (Ukv, vkv) and (Umv, vmy)), the marker locations from system
isocenter were calculated using the following relations:
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Here X, y and 7z’ correspond to the marker’s position relative to isocenter where the isocenter
is defined at 100 cm SSD and the center of the MV beam. The MV and kV photon source-to-
isocenter distances are denoted by dyv.s and diy.s, respectively. The isocenter to kV and MV
detector distances are given by div.q and dy.q, respectively.

2.3. MV—V imager correlation

SS-IMRT leads to frequent interruption of MV image acquisition as the MV beam is turned
off for each step instance during delivery (figure 2(a)). Loss of either the MV or kV
detector will prevent full 3D localization since the coordinates (u, v) provided by a single
detector are insufficient to solve equations (2)—(5) for x, y and z. However, under appropriate
circumstances, the two-dimensional position of a marker in the imager plane (u, v) can still
provide valuable tracking information. Such real-time information, together with appropriate
correlation models and prediction algorithms, can provide an accurate estimation of the full
3D position of the marker. Although theoretically a marker could move independently in all
three dimensions, the nature of human anatomy and the physiology behind common tumor
movements (e.g. respiration) would suggest that a marker’s motion in one dimension should
be correlated with its motion in another dimension. In this work, we take advantage of this
inter-dimensional correlation to maintain the 3D position of the tumor even when one imager
is shut off. Here we build a model consisting of a moving linear regression with a sliding
window for the training period.

To further elucidate this concept, let us consider the geometrical arrangement in figure 1.
Here the kV imager is recording the anterior—posterior (Uxy) and superior—inferior (vyy)
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Figure 2. Use of kV imaging to fill in missing ‘step’ gaps through a correlation model (left). The
right panel shows the detected marker coordinates as a function of time. Black arrows represent
time intervals when kV information data are used together with correlation to compensate for
missing geometric information during beam interruption. Note that vky and vpmy are redundant
along the y-axis.

directions of motion. Since the imagers are orthogonal, this means the MV imager is recording
the position of the target in the left-right (uxy) and superior—inferior (vjy) directions. When
the MV imager is off during the step portions on an IMRT plan, we can easily determine
vmv from vy, after adjusting for differences in source-to-imager differences between the two
imaging systems, since both imagers are recording the movement of the target in the same
direction. However, the kV imager does not provide us with any information about the position
of the maker in the left—right or (uwy) direction. If we assume that the motion of a target is not
independent in all three dimensions, but rather correlated, we can construct a linear regression
function relating (umy) to the two dimensions measured on the kV imager as

P
unv(t) = ) (@t — i) + by (t — 1)), ®)
i=0
where a; and b; are coefficients determined by ordinary least-squares regression and p is the
number of prior positions to consider. Hence, the unknown dimension can be determined as
a linear combination of the other two known dimensions. Before one can start correlating the
unknown dimension, one needs to determine the coefficients above, a; and 5;. This can be
accomplished with a relatively short training period (Niin) Of as little as 10 frames (~1 s),
where the full 3D information is determined by both imagers simultaneously. We can solve
for the coefficients by using the so-called normal equations from traditional linear regression,
where
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Then the coefficient vector B can be determined by
Y = BX, (8)

and is solvable using standard mathematical software packages. The number of prior positions
to use (p in equation (6)) and the size of the training period (Ny.in) are hyper-parameters of
this model that were determined empirically by performing a grid search, varying p between 1
and 5 and the training set size between 10 and 100. We found p = 2 and a training set size of
25 as optimal for minimizing the root mean squared error (RMSE). However, all values tested
in these intervals gave reasonable RMSE values. These optimized values (p = 2, Nirin = 25)
were used for all analysis of the data presented in this work.

As the treatment progresses, the target may change its pattern of movement, and hence
the original coefficients may no longer be accurate for computing the missing dimension.
To account for such changes, the linear correlation model was continuously updated by
recalculating the coefficients using the most recent 25 positions for which full 3D information
was known as the training set. That is, our model consisted of moving linear regression with
a sliding window for the training period. This model is similar to a local regression model
considered by another group but used for a different purpose (Ruan et al 2007).

Using the above model, the missing uyy and vyy coordinates can be predicted during
‘step’ portions. Likewise, during loss of kV imaging, the missing Uy and vy coordinates
can be estimated from uyy and vyy. Having estimated the missing spatial information, it is
relatively straightforward to calculate the markers’ positions from machine isocenter by use of
equations (2)—(5). As shown in figure 2, vk, and vy provide a redundant measurement along
the laboratory y-axis and may be magnified due to different source-to-imagers distances.

2.4. Performance evaluation

We evaluated our method with two phantom-based experiments: one consisting of simple
sinusoidal motion and the other consisting of complex 4D motion generated from real patient
treatment recordings. The first method experimentally investigated the accuracy of the
MV-kV correlation method by sinusoidally moving a block of solid water (measuring 5 x
5 x 10 cm®) containing three embedded BB metallic markers (3 mm in diameter). A 4D motion
platform (Washington University, St Louis, MO) holding the block of solid water (figure 1)
was programmed to produce the oscillatory motion with a period of 4 s and amplitude of
4 mm, 12 mm and 8 mm in the x-, y- and z-directions, respectively. The ranges of motion
investigated were chosen to correspond to the more extreme motion ranges observed in actual
lung tumor cases (Keall et al 2006, Maxim et al 2007). The motion platform is capable
of reproducing motion in accordance with a pre-programmed trajectory and was previously
investigated to have an accuracy with a RMS trial-to-trial error of less than 0.2 mm from the
inputted trajectory (Malinowski et al 2007).

The second experiment used the programmable 4D motion platform to reproduce actual,
irregular, patient motion data. Input trajectory files were created from pre-recorded lung tumor
motion obtained using a Cyberknife Synchrony (Accuray, Palo Alto, CA). The pre-recorded
lung tumor motion data were obtained from five lung cancer patients treated in Georgetown
University Hospital from July 2005 to January 2006 (table 1). The use of the data for
research purposes was approved by the Georgetown Institutional Review Board (IRB-2005-
309). Synchrony is a subsystem of the Cyberknife system (Adler et al 1997, Schweikard et al
2000, Murphy 2004) used to compensate for tumor motion during radiotherapy. The tracking
system estimates the real-time 3D internal tumor positions by use of a correlation model
linking external patient motion to internal fiducial locations, and by a prediction algorithm.
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Table 1. Properties of the lung tumor motion data for the five different patients used in this study.
The maximum (max), minimum (min), mean and standard deviation (SD) for the peak-to-trough
distance and respiratory period are given. Note that each patient dataset represents motion recorded
during a single radiotherapy fraction.

Peak-to-trough (mm) Period (s)

Patient Mean Max Min SD Mean Max Min SD

Lung#1 144 199 71 19 34 6.4 24 0.4
Lung#2 125 169 3.9 22 51 8.5 2.0 0.9
Lung #3 7.0 218 15 1.7 26 6.4 1.8 0.5
Lung#4 10.3 222 32 24 38 8.8 13 0.5
Lung #5 8.5 280 09 19 53 8.2 2.5 0.8

Table 2. Properties of the three SS-IMRT lung plans used to quantify the performance of the
MV-kV correlation method. ‘Total dose’ is the total dosage for a single fraction. ‘Beam dir.”
and ‘Segments’ correspond to the number of gantry angles and fields used, respectively. The time
range for the MLC steps and treatment beam shoots are given for each plan.

Total Dose rate Beam Step Shoot
Plan dose (MU) (MUmin™Y) dir.# Segments# range (s) range (s)
SS-IMRT #1 335 400 5 50 0.06-1.70  0.95-1.08
SS-IMRT #2 1298 400 5 60 0.27-1.94 1.74-5.43
SS-IMRT #3 499 400 7 76 0.16-1.70  0.99-1.50

Therefore, the tumor motion analyzed in this study is not actual, but estimated from the
correlation model of the tracking system. The uncertainty of the tracking system motion data
from the actual target motion has RMSEs of 1.5 4+ 0.8 mm (Suh et al 2008). The estimation
errors could be due to inaccuracy of the correlation models of the tracking system, or temporal
variations in the internal /external correlation model between measurements (Murphy 2004,
Korreman et al 2008, Nishioka et al 2008). The uncertainty obtained for the current dataset
(1.5 £+ 0.8 mm) is consistent with the values published by Seppenwoolde et al (2007), who
simulated the Synchrony method using respiratory and orthogonal fluoroscopic measured data
in an eight-patient study. They concluded from their data that the systematic error of the
position estimation was less than 1 mm for all patients and the mean 3D error was less than
2 mm for over 80% of the time.

SS-IMRT lung plans originating from three prior treated patients were used to reproduce
the typical beam interrupts seen clinically (table 2). To simulate clinically seen step-and-shoot
times, all SS-IMRT plans were delivered using the same dose rates and doses as originally
used in the clinic. All SS-IMRT plans examined in the study were created using the Eclipse
Treatment Planning System (Varian Medical Systems, Palo Alto, CA). The SS-IMRT plans
were delivered to either the moving pelvic phantom or the cube of solid water attached to the
4D motion platform.

In general, the average step time was found to range from 0.68 to 1.00 s for the three SS-
IMRT lung plans. This is primary governed by the MLC leaf that must undergo the maximal
displacement from one segment to the next. Within a particular plan, step intervals have been
observed to range from 0.06 to 1.94 s (table 2). The clinical dose rates used were 400 MU
min~?, resulting in shoot times varying from 0.95 to 5.43 s (table 2).
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Figure 3. Tracked geometric 3D motion of a marker over time for the 180° gantry angle during a
SS-IMRT #1 delivery for an oscillating phantom (left) and for a simulated lung patient 1 (right).
Gray strips correspond to MV beam interrupts or ‘steps’ of the MLC controller. The thick line
is the experimentally tracked motion using the MVV—kV method. Triangles represent the use of
correlation to estimate the markers position in the event of MV beam interruption. Thin line is the
pre-programmed motion.

3. Resaults

As a preliminary study to demonstrate the accuracy of the correlation method to fill in missing
geometric information during beam interruption, three stainless steel BBs (3 mm in diameter)
were oscillated and a SS-IMRT plan delivered. A fixed amplitude of x =4 mm, y = 12 mm,
z =8 mm and a period to 4 s were inputted into the 4D stage. SS-IMRT plan 1 (table 2) was
delivered using a 400 MU min~! dose rate in 6 MV beam mode with both MV and kV imagers
in cine acquisition mode. Figure 3(a) plots the theoretical sinusoidal curve (thin solid line)
inputted in the motion stage together with the measured tracked data (thick line). As seen,
gaps in the experimental data occur due to interruption of the MV beam by MLC steps. Step
times for this particular plan range from a minimum of 0.06 s to a maximum of 1.7 s. Using
the correlation model, uyy and vyy were estimated based on equation (6) and the marker
motion along x, y and z from the isocenter was calculated using equations (1)—(5) (symbolized
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Table 3. Total geometric accuracy of using MVV—KV to track internal markers during SS-IMRT
delivery for five different lung patients while applying three different IMRT plans. RMSEs between
theoretical and measured motion are expressed as the net displacement vector in the laboratory
frame of reference. Linear correlation is used for prediction during MLC steps.

SS-IMRT #1  SS-IMRT #2  SS-IMRT #3

Motion (mm) (mm) (mm)
Lung#1  0.40 0.47 0.36
Lung#2 0.13 0.51 1.05
Lung#3 0.54 0.86 0.60
Lung#4  0.50 0.31 0.11
Lung#5 0.23 0.19 0.25

by triangles). Comparison of the expected sinusoidal motion data to the experimental data,
with exclusion of the step portions (gray strips), reveals a RMSE of 0.21 mm, 0.36 mm and
0.30 mm for the x, y and z motion, respectively. This error corresponds to the MVV—kV tracking
precision with both MV and kV imagers recording simultaneously. Analyzing only the step
regions, where the MV imager is off and the kV imager is on, and using the correlated model
together with the kV imager data to predict marker positions reveal a slightly increased RMSE
of 0.34 mm, 0.56 mm, and 0.41 mm for the x-, y- and z-directions, respectively.

In general, use of pure sinusoidal oscillation as in figure 3(a) is not representative of actual
lung tumor motion and is relatively simple to predict with a correlation model. A more realistic
model was performed by repeating the same experiment, but, with the use of actual patient 4D
tumor motion data. Experimentally recorded 4D lung tumor data from five different patients
were used to reproduce the motion of metallic fiducials internally embedded in lung tumors.
The three SS-IMRT lung plans, summarized in table 2, were delivered to the moving phantom
while imaging with both MV and kV imagers. Figure 3(b) highlights a portion of the tracked
motion for lung patient 1 along the x-, y- and z-directions (thick line) using SS-IMRT plan 1
at the 180° gantry angle. As shown, the tracked motion agrees well with the actual inputted
motion into the platform (thin black line). Gray strips represent tracked data gaps as the
MV beam was interrupted due to MLC steps. The points (triangles) during the step portions
correspond to where linear correlation was used to estimate the 3D coordinates during MV
beam loss. Comparison of the measured to the actual inputted motion at this particular gantry
angle reveals RMSEs of x = 0.16 mm, y = 0.31 mm and z = 0.1 mm. These errors increase
to RMSEs of x = 0.23 mm, y = 0.62 mm and z = 0.21 mm when only one imager is used
for tracking together with an updated correlation model. Analyzing all the correlated data
gathered over the five different beam directions for SS-IMRT plan 1 leads to a net positional
vector error of 0.40 mm. This experiment was repeated using the same lung patient motion
data (lung patient 1), but using the other two treatment plans to account for a wide variety of
different step-and-shoot times.

The lung-based tumor motions of five patients were reproduced and for each of these
patients the three SS-IMRT plans were delivered to simulate many different clinical situations.
To save space the main results are reported in table 3, which is a summary of the geometric
accuracy when using a correlation model together with MV—kV tracking during SS-IMRT
delivery. Results between the theoretically inputted stage motion and experimentally measured
motion using correlation to fill in the MV beam interrupts are given as a net 3D vector RMSE. In
all cases, it is found that the average deviation of the motion away from the expected even when
using the correlation model is no greater than 1 mm. These high accuracies are surprising
considering the simple correlation model used and demonstrate a strong inter-dimensional
correlation present in lung-based tumors.
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Figure 4. Auto-correlation graph showing strength of the correlation of x with x(¢ + j), y(t + j)
and z(¢ + j) in the future. The inset magnifies first 500 ms demonstrating very high R? values.

Figure 4 is a plot of the autocorrelation function (ACF) of the x dimension against itself
and the other two dimensions (y and z) as a function of time, for lung patient 1 using a 40
min breathing dataset (the reader is referred to appendix A for the definition of the ACF).
As in standard time series analysis, the ACF plots the strength of the correlation of x(¢) with
X(t + At), y(t + At) and z(t + At) against At. As is evident in the graph, the auto-correlation
provides the strongest relationship with itself; however, the correlation between x and the
other two dimensions is also significantly strong and explains at least over half the variance
in the x dimension when considered 33 ms before. The strength of the correlation fades
upon correlating further into the future; however, as shown in the inset, only the recent past
two frames (<200 ms), where the relationship is relatively strong, are used since at all times
we have near real-time marker position data from the uninterrupted imager. Since the inter-
dimensional relationship is strong, we can exploit this, to correlate the tumor’s position in
the x dimension when it is missing (i.e. when the MV imager is turned off). The oscillatory
nature of the ACF is a result of one particular phase of the respiratory cycle being nonlinearly
correlated to another phase in the cycle. The linear correlation with the current position for
some time point in the future is greatest for the same phase of the respiratory cycle. It should
be noted that the oscillations in the ACF and the decreasing magnitude of the correlation with
time are not features of our model. The purpose of the ACF is to demonstrate that there is
a linear relationship between different dimensions that extends for some time into the future.
The ACF shows the correlation of x(z) with y(t + At), where this correlation decreases in
strength as At increases; however, for the purposes of our model, we only use the correlation
between x(¢) and y(¢), i.e. At=0.

4, Discussion

A critical step needed to deal with intra-fraction tumor motion is the real-time monitoring of
target position during the radiotherapy process. As demonstrated previously, MV-kV tracking
holds key advantages over other solely fluoroscopy-based techniques since tracking can be
accomplished with only one kV source, leading to reduced imaging radiation to the patient.
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This work further strengthens the MVV—kV tracking modality by using inter-dimensional tumor
correlation to address the problem of MV or kV imager interruption during 4D MV-kV
tracking, and, to our knowledge, constitutes the first of its kind. This is ideal for SS-IMRT,
or other radiotherapy modalities, that may contain MV beam interruptions. Compared to
indirect tumor location methods, such as external skin marker tracking (Kubo and Hill 1996,
Ozhasoglu and Murphy 2002) or breath monitoring techniques (Simon et al 2005), where
correlation is between external body parameters and the internal organ motion, the presented
correlation scheme is much simpler in nature since a direct tumor position measurement is
made with at least one imaging source. This leaves only one degree of freedom to be predicted
by the correlation model, reducing the potential for error.

Clinically, it is envisioned that the correlation model would be implemented with MV—kV
tracking during SS-IMRT using the following steps. (1) Pre-treatment patient set-up and
positioning would proceed as according to standard protocols for the clinic. (2) SS-IMRT
delivery of the first field would start. Both MV and kV imaging take place simultaneously
during the first segment to build a training dataset. (3) Upon completion of the first segment,
the kV beam would remain on and the MV beam would turn off for the MLC step. The
real-time kV imager data together with the correlation model would be used to predict the 3D
position of the target during the step time interval. (4) The MV beam turns on for the next
segment and simultaneous MV-kV imaging occurs to update the correlation model. The
process is repeated for the remaining steps of the particular field. During gantry rotation
to the next field, both MV and kV beams would be switched off and the correlation model
would be considered invalid. At the start of each field, steps 2—4 would be repeated. It is
important to note that to allow for adequate training time at the start of the field, it may be
necessary to reorganize the field segments in such a manner that the largest dose segment
is delivered first. In the case when the model’s coefficients cannot be constructed during
the first segment, simultaneous MV—kV imaging may be carried over to the next segment,
however, with an associated penalty in tracking accuracy taking place during the first MLC step.
Nevertheless, even with the relatively simple correlation model used in this study, accurate
3D target predictions could be accomplished on lung tumor patients showing extreme target
displacements in a training time of 1-4 s. With the use of improved prediction algorithms, and
of a more sophisticated correlation model, it is expected that the training time can be further
reduced, allowing accurate real-time 3D target prediction during the first MLC step.

Use of the kV imager at the initiation of therapy and for maintaining an accurate model,
i.e. updating the model periodically, will add additional imaging dose to the patient. Positional
information from the treatment beam (MV EPID images) is acquired with no additional dose
to the patient. However, to properly update the model, kV images need to be acquired as
well. In this study, we acquired kV images whenever MV images were being acquired; thus,
additional dose would be proportional to the treatment time. Wen et al (2007) have reported
that the dose to the soft tissue structures for a CBCT scan (with 630 images) is ~4 cGy. At
an acquisition speed of 15 fps, the kV dose is about 0.1 cGy s! (4 cGy/630%(15 s71) =
0.1 cGy s1). However, this represents a worse-case scenario, and it is envisioned that
techniques as use of a lower frame rates and by turning off the kV beam whenever tracking can
be accomplished with the MV beam and correlation/prediction models alone will significantly
reduce the imaging dose. In terms of the initiation of therapy, prior 4D-CT scan information
can also be used to build an initial correlation model. This method would require no additional
dose to the patient but intra-fraction changes in respiratory pattern would not be accounted for
until several maintenance steps have occurred.

In general, it is found that for both the oscillatory and actual lung tumor motion data, the
resulting RMSE s largest in the y-direction. This increase in error can be attributed to two
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processes: (1) experimentally induced motion artifacts and (2) increased difficulty of accurate
prediction via the correlation model. The first issue (1) is attributed to hardware limitation
of the imagers. It is found that the tracking error increases with increasing marker velocity.
With the increased velocity, the captured marker images becomes more blurred and elongated
(Wiersma et al 2008). This is primary due to the lower 9.5 Hz capture rate of the MV imager
with respect to the 15 Hz capture rate of the kV imaging system. Since the Sl direction (y-axis)
is the direction of greatest motion for all experimentally investigated marker motions in this
study, it is also the direction of the greatest experimental RMSEs. The second issue (2) leading
to the larger RMSEs along the y-axis is again related to the greatest target motion occurring
along the y-axis. In this case, the correlation model is more likely to predict a position away
from the actual location due to increased displacements over a short time period. Nevertheless,
the accuracy is still found to be acceptable for all the motions investigated.

Although a rather standard linear regression model was used in this work, the results are
nevertheless found to be excellent, with a RMSE not exceeding 1 mm (table 3). We have also
considered more complicated models including adaptive linear filters, support vector regression
and regression trees in other motion prediction contexts (Riaz et al 2008); however, we did not
pursue them in this case due to very good performance by the simple model employed. It is
envisioned that with continual development and refinement, one of these more sophisticated
techniques specifically suited to MV—-KkV tracking will lead to even further RMSE reductions.
One current drawback of a simplified model though is that we do not directly account for
hysteresis that is different for tumor trajectories on inspiration and exhalation. However,
studies measuring the effects of hysteresis have found it to be present in only 50% of patients
and generally of a small magnitude, namely 1-4 mm (Seppenwoolde et al 2002). Further,
since we are tracking two coordinates of the tumor at all times, presumably all dimensions of
tumor motion are undergoing hysteresis. This hypothesis seems plausible since our RMSE
values are already very low, suggesting that we do not need to directly model hysteresis.

The RMSE associated with tracking using a single imager was found to be <1 mm and
thus small. This is provided that a well-defined correlation model can be constructed and that
the target can be detected by at least the MV or kV imager. This accuracy is more than suitable
for compensating for the missing geometrical information provided by the kV imager. It is
therefore a natural extension of this work to use correlation to further reducing the imaging
dose to the patient by turning off the kV beam whenever tracking can be accomplished by
the MV imager alone. It remains to be investigated as to what extent the kV imaging can be
reduced with the prerequisite of maintaining continuous real-time 3D target tracking. It is
assumed that kV imaging will be necessary during MLC step portions and that occasional kV
imaging will be necessary during shoot portions for correlation model updating. Additionally,
for small beam interruption or MLC step times in the 200-400 ms range, it is envisioned that
a suitable prediction algorithm can fill in the missing geometric information, foregoing the
need to turn on the kV imager. Currently, due to manufacture constraints, we do not have the
ability to gate, or turn on and off, the kV radiation source; however, in the future we expect
this feature to become available.

When using larger phantoms, it was found that scattered radiation from the treatment
beam could deteriorate kV image quality when large MV beam defining apertures are used
(Wiersma et al 2008). This was especially noticed for isocenter-to-imager distances of dyy.q
< 70 cm. The scattered MV radiation superimposes over the kV imaging beam at the kV aSi
detector, making fiducial detection more difficult. Use of MVV—kV imager correlation offers
a potential solution since only one imager can accomplish 3D tracking. By controlled MV
and kV beam gating, such that the amount of time when both the MV and kV source are
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simultaneously on is minimized, possible MV scatter interference could be reduced during the
kV imaging process.

A possible scenario that would lead to a failure of the MVV—KV correlation technique is
the case where internal fiducial marker motion is strictly in the out of plane direction of the
kV imager. Data collected with this imager would result in zero detectable motion, preventing
correlation from being used during MLC step intervals. In this case, it may be necessary to
resort to a prediction algorithm to provide 3D positional data of the internal fiducial markers.
However, it is important to note that in analyzing five different patients at various gantry angles
we have detected no instances of this strictly out of plane, or zero detectable, motion occurring
for either the MV or kV imagers. In all cases, the residual in-plane detected motion was found
to be adequate for application of the correlation model. This is attributed to respiratory tumors
having motion primary in the superior—inferior direction, which is a common axis to both
MV-KkV imagers (figure 1), and thus detectable. It remains to be seen if other tumor sites,
as the prostate, are more susceptible to this type of motion and if a strong inter-dimensional
correlation exists. This is under current investigation and will be reported in future work.

5. Conclusion

This work has demonstrated for the first time how full 3D target tracking can be maintained
even in the presence of beam interruption by use of MVV—kV tracking together with a relatively
simple correlation model. It is found that a strong inter-dimensional correlation exists
between the x, y and z degrees of freedom for lung tumor motion, and that this can be used
advantageously for the prediction of missing geometric information during either MV or kV
imager interruption. Application of a correlation model to SS-IMRT lung treatment deliveries
demonstrates a positional accuracy of <1 mm in all three spatial directions. Additionally,
the use of correlation allows for further reduction of kV imaging dose to the patient and can
increase kV image quality by reducing MV scatter interference. Such improvements increase
the robustness of MV-kV tracking, making it a viable solution for future real-time target
monitoring in the clinic.
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Appendix

An ACF shows the strength of the correlation degrading with time. A point estimate of the
correlation coefficient is shown at time point zero—that is the correlation between x and y, X
and z, and y and z can be determined by looking at time point zero on the graph. In time series
analysis, auto-correlation is defined as

E[(X; — )Xy — )]

o2 ’
where E is the expected value operator, X; is the position of the fiducial in one particular
dimension at time t, Xsis the position at time sand w is the mean position of the fiducial in that
dimension. R(t, s) can vary between —1 and 1; however, we plot R(z, s)? to demonstrate the
strength of the relationship. The graph demonstrates the correlation between a point t some

R(t,s) =
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points in the future, t + j, where j is plotted on the x-axis. The two other lines on the graph are
not technically auto-correlations, but represent a similar concept of the correlation between
one dimension and another dimension as time progresses.
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Abstract

To minimize the adverse dosimetric effect caused by tumor motion, it is
desirable to have real-time knowledge of the tumor position throughout the
beam delivery process. A promising technique to realize the real-time
image guided scheme in external beam radiation therapy is through the
combined use of MV and onboard kV beam imaging. The success of this
MV-kV triangulation approach for fixed-gantry radiation therapy has been
demonstrated. With the increasing acceptance of modern arc radiotherapy
in the clinics, a timely and clinically important question is whether the image
guidance strategy can be extended to arc therapy to provide the urgently needed
real-time tumor motion information. While conceptually feasible, there are a
number of theoretical and practical issues specific to the arc delivery that
need to be resolved before clinical implementation. The purpose of this
work is to establish a robust procedure of system calibration for combined
MV and kV imaging for internal marker tracking during arc delivery and to
demonstrate the feasibility and accuracy of the technique. A commercially
available LINAC equipped with an onboard kV imager and electronic portal
imaging device (EPID) was used for the study. A custom built phantom with
multiple ball bearings was used to calibrate the stereoscopic MV-kV imaging
system to provide the transformation parameters from imaging pixels to 3D
world coordinates. The accuracy of the fiducial tracking system was examined
using a 4D motion phantom capable of moving in accordance with a pre-
programmed trajectory. Overall, spatial accuracy of MV-kV fiducial tracking
during the arc delivery process for normal adult breathing amplitude and period
was found to be better than 1 mm. For fast motion, the results depended on
the imaging frame rates. The RMS error ranged from ~0.5 mm for the normal
adult breathing pattern to ~1.5 mm for more extreme cases with a low imaging
frame rate of 3.4 Hz. Ingeneral, highly accurate real-time tracking of implanted
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markers using hybrid MV-kV imaging is achievable and the technique should
be useful to improve the beam targeting accuracy of arc therapy.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Arc-based radiotherapy modalities (Crooks et al 2003, Yu 1995, Ramsey et al 2001, Wong et al
2002, Cameron 2005, Otto 2008, Verellen et al 1997, 1998), such as conformal arc, RapidArc
volumetric arc therapy (Varian Medical Systems, Palo Alto, CA, USA) (rapidArc 2008) and
volumetric intensity modulated arc therapy (VMAT) (Elekta Corporate, Stockholm, Sweden)
(VMAT 2008), have recently become available for clinical use. These techniques are capable
of delivering therapeutic radiation dose to the tumor target while simultaneously moving the
MLC leaves and the gantry. Both dose rate and gantry speed can vary. For certain types of
diseases, arc therapy demonstrated marked advantages over conventional intensity modulated
radiation therapy (IMRT). For prostate treatment, Palma et al (2008) report that the variable
dose rate VMAT technique resulted in more favorable dose distributions than the conventional
IMRT technique with much reduced monitor units. In addition to generating superior dose
distribution for deep-seated tumors, an important advantage of arc-based therapy is its fast
delivery, which may significantly increase the clinical throughput.

The increased dose conformality of the new arc-based delivery schemes poses more
stringent requirement on beam targeting (Xing et al 2006). Typically, for arc-based
radiotherapy sessions, initial patient setup is done once before the start of treatment using
kV or MV projection images. Such method does not take into consideration intra-fraction
organ motion. With the inherent short treatment time, and high dose conformity of modern
arc therapy, unaccounted intra-fractional target motion could offset the benefits of arc therapy
and lead to undesired dose distribution. Indeed, intra-fractional organ motion is a major factor
hindering the full exploitation of the efficacy of modulated arc therapy for disease sites such
as the thorax or upper abdomen. Real-time monitoring of tumor position during the course
of arc delivery represents a critical step to alleviate the adverse effect of intrafractional organ
motion and ensures adequate doses to target volumes and safe doses to normal tissues. The
real-time position information will be used as an input of techniques such as gating, dynamic
MLC or auto couch movement.

Stereoscopic imaging systems (Berbeco et al 2004, Ozhasoglu and Murphy 2002,
Seppenwoolde et al 2002, Sharp et al 2004, Shirato et al 1999), which consist of two kV
x-ray tubes mounted to the ceiling and the corresponding amorphous silicon detectors on the
opposite side of the patient, have been developed for clinical use in fixed-gantry image guided
radiation therapy (IGRT). In this work, we report on our experience in using combined MV
treatment beam imaging and onboard kV imaging for real-time tracking of implanted fiducials
during an arc therapy delivery. The feasibility of MVV—kV beam triangulation for real-time
tracking of implanted fiducials for fixed-gantry radiation therapy (Wiersma et al 2008) has
been demonstrated. This work represents the first attempt of applying the hybrid imaging
technique to guide the arc therapeutic delivery. Unlike conventional stereoscopic imaging-
based methods (Shirato et al 1999), only one kV source is required for full 3D marker geometric
information since the actual MV treatment beam is used to provide additional information for
3D positioning. Unlike fixed gantry radiotherapy, there are now several additional challenges
to address before MV—-KV tracking can be implemented on a rotating gantry. These include
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Figure 1. Varian Trilogy with kV and MV imagers in extended positions. System frame of
reference is denoted by dashed arrows. A 4D motion phantom is located on the couch.

imager tilt, gantry flex and additional detection error caused by the combined motion of
the marker and the gantry. As to what extent the gantry rotation affects the detection and
monitoring accuracy for two imagers have not been discussed in the literature. For arc therapy
guidance, this approach has three distinct advantages over the conventional stereoscopic
approach. First, MV—kV tracking reduces the imaging dose since geometric tumor motion in
the plane perpendicular to the incidence beam is obtained from the treatment beam without
any overhead in radiation dose. Secondly, there is no blockage of the LINAC gantry during the
arc delivery. Thirdly, the MV—kV method can be implemented without significant hardware
modification for LINACs pre-equipped with both an onboard kV imager and an electronic
portal imaging device (EPID). The general reference drawn from this study is that it is feasible
to use the hybrid MV and kV imaging to track the 3D position of internally placed metallic
markers during dynamic arc radiotherapy with an accuracy better than 1 mm. Factors that
may limit the geometrical and temporal precision of MVV—kV tracking, such as imager tilt and
gantry flex, can be compensated through proper calibration of the system.

2. Materials and methods

2.1. MV-kV data acquisition

A Trilogy LINAC (Varian Medical Systems, Palo Alto, CA) operating in the 6 MV photon
mode was used for the study. Images of the MV beam were acquired by an aSi EPID
(PortalVision aS-1000, Varian Medical System, Palo Alto, CA) attached to the LINAC as
shown in figure 1. The kV imaging was accomplished using the onboard imaging system
located perpendicular to the treatment beam (figure 1). The kV imaging system consisted of a
125 kV x-ray tube together with an aSi flat panel imager (PaxScan 4030CB, Varian Medical
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Figure 2. Illusion of the hybrid MV and kV imaging system. The rays and fiducial position are
shown in the presence of measurement errors.

Systems, Salt Lake City, UT). Pixel sizes of the kV and MV detectors are 0.388 mm and
0.392 mm, respectively. Both detectors had a resolution of 1024 x 768, corresponding to
an effective area of detection of approximately 40 cm x 30 cm. Both kV and MV source to
imager distances (SID) were set to 150 cm in all experiments. The obtainable maximum MV
and kV cine frame rates were ~8 and ~15 Hz at optimal condition, respectively. The frame
rate used in this study is 3.4 Hz for both MV and kV imaging.

2.2. Fiducial localization

With measured positions of a fiducial marker on the MV and kV images, it is possible to
stereoscopically reconstruct the 3D real-space position of the fiducial, provided that the gantry
and imaging system geometry are known. The reconstruction can be done in nearly real time
with the cine-mode acquisition of MV and kV images. This section describes our method for
obtaining the 3D position of the fiducial from the detected projections of the fiducial in the
simultaneously acquired MV and kV images.

2.2.1. Definition of coordinate systems. The coordinate systems introduced to describe
the fiducial motion are depicted in figures 1 and 2. We will use matrix representation as
traditionally used for these types of problems in computer vision. No assumptions are made
about the orthogonality of the MV and kV systems since slight deviation of the two imaging
systems from the ideal orthogonal situation is possible during rotational delivery. In an ideal
situation where the two x-ray beams are orthogonal and the imagers are perfectly aligned, the
following formulation can be reduced significantly. However, it is important to emphasize that
the kV and MV imaging systems often do not constitute an ideal orthogonal setup because
of gantry flex and imager tilt. Thus, a general theoretical framework for 3D reconstruction is
needed.

A space fixed coordinate system (referred to as the world coordinate system) with its origin
at the system iso-center is used to describe the motion of implanted fiducials. In this system,
the x-, y- and z-axes point to the patient’s left, inferior and posterior directions, respectively,
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when the patient is treated in a supine position without couch rotation. The spatial position of

a fiducial is described by
—

Xo =X, Yo, Zo)"
in the world coordinate system.

For convenience, an imager-fixed coordinate system was defined for both kV and MV
imaging systems (figure 2). The pixel coordinate system (a 2D coordinate system fixed to an
imager with its origin at the top-left corner) was used to express the location of the fiducial
projection in the digital MV or kV image in units of pixel number. The u- and v-axes in
figure 2 are along the left to right and top to bottom directions. When Yu) is projected on the
MYV and kV imagers, the positions in the MV and kV image planes are denoted by

T T
(umv, vmv) and (v, vkv)

in the pixel coordinate system (figure 2). These projections are measured variables, and the
task is to obtain the position of a fiducial in world coordinates, )T)w from the two projections
of the fiducial. For a general camera geometry, this is accomplished by the following 3D
reconstruction procedure.

2.2.2. Stereo triangulation—reconstruction of the world coordinates of an implanted fiducial
from its projections on the kV and MV imagers.  The transformations from a set of projections
(umv, vmv) T and (uxy, viev) to the world coordinate system are determined by two geometric
factors: (i) the geometries of the MV and kV imaging systems; (ii) the geometric relation
between the MV and kV imaging systems. The first item relates the fiducial projection in units
of image pixel to the real distances in units of millimeter (mm) in source-fixed coordinate
systems, whereas the second one establishes the correspondence between projections and the
world coordinates of the fiducial.

Itis mathematically convenient to introduce a 3D radiation-source-fixed coordinate system
for both kV and MV imaging systems, as depicted in figure 2. The introduction of the kV and
MV source-fixed systems makes it possible for us to deal with the above two factors separately.
The source-fixed system has its origin located at the MV or kV source (figure 2). A fiducial
in these coordinate systems is described by

—> —>
Xwv = (Xmvs Ymv, Zmv)© and X = Xuvs Yev, Zw)"

In this system, the x- and y-axes are in the same directions as the u- and v-, and z-axes
pointed to the iso-center. For convenience, let

7 T 7> / / INT
Umv = (sumv, Sumv, §) and Ukv = (s"uky, s'vy, s')

be homogeneous representations of the pixel coordinates (umy, vmy)” and (uxy, viv)? in MV
and kV imager planes, respectively, where s and s’ represent the coordinates of the fiducial in
the direction perpendicular to the image planes. At this point, both s and s” are undetermined
scaling factors and can take arbitrary values, which simply saying that the fiducial is along the
ray joining the source and projection of the fiducial on the imager plane. It will be shown that
s and s’ will be Zyy and Zyy.

The pixel coordinates are related to source-fixed coordinates by calibration matrices Kyy
and Kyy (Forsyth and Ponce 2003):

Uwv = Ky Xwv Uv = Kiey X 1)

foke 0w
K: O fkv UO ’ (2)
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where f is the source-to-imager distance (k, k,) are imager horizontal and vertical pixel lengths
and (ug vg) are the pixel coordinates of the imager center. All the parameters in equation (2)
are intrinsic system parameters and can be determined with calibration procedures. The world
coordinates are related to the source coordinates by matrices representing a rigid-body motion
(Forsyth and Ponce 2003):

— — — —

Xmv = v Xy + tuy, Xkv = ey Xy + ey (3)
ri1 ri2 s Iy

r=|(ra ro rasf, t= |1 (4)
r31 r32 133 I

where (r, t) are the orientation and positions of the radiation sources in the world reference
frame. The matrix elements in r and t depend on the gantry angle and the distance of the
radiation source to the origin of world coordinates, and are extrinsic parameters. Note that,
using the MV or kV equations in equations (1) and (3), one can project a fiducial in the world
coordinates, )7,,), onto the MV or kV pixel coordinates. However, the reverse can only be done
with information from both MV and kV equations in equations (1) and (3).

To obtain )T,: from equations (1) and (3), inversions of one of the two equations in
equation (3) are performed. In this calculation, the relation between X—M_\)/ and m is needed.
In contrast to our previous work (see Wiersma et al (2008)), we do not assume that the MV
and kV imagers are perfectly orthogonal. The two vectors X_M\)/ and X_k\), are related by the
rigid motion equation:

Xiv = RXwv + T, )
where
R = rkvr,\T,,V, T =tw — Rtuv (6)

are the rotation matrix and translation vector characterizing the rigid motion from MV reference
frameto kV reference frame. For example, for the orthogonal case, the rotation matrix is simply

0 0 -1
R=|0 1 0
1 0 O

A least-squares optimization is employed to derive the fiducial depth information (Zyv
and Zyv), and therefore, )T; because there are four equations (two from the MV projection
and two from the kV projection) and three unknowns (3D world coordinates). This is an
over-constrained problem. Because of the presence of noise, the ray from the MV source to
the projected fiducial on the MV imager may not intercept with the ray from the kV source to
the projected fiducial on the kV imager, as illustrated in figure 2. The least-squares solution
allows better utilization of the redundant information compare to the method used in Wiersma
et al (2008). Mathematically, this least-squares solution of equation (5) can be written as

|:ZMV

Zkv} = (ATA)IATT, (7

where A = [-RXwv/Zmv X_K//Zkv]. The center of mass of the fiducial marker (umv, vmv)”
and (uxv, vev)” on MV and kV images was converted to Xy /Zmvand Xwv/Zuy according
to equation (1). Having calculated either Zyy, or Zy, the world coordinates of the fiducial

were solved with simple manipulation of equation (3), i.e.,

X, = rr\Tnv(X—)M\/ — tvv). (8)

The above stereo-reconstruction algorithm applies to two imagers separated by any
rotation and translation.
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2.2.3. Fiducial localization in ideal situation with perfectly aligned MV—kV imaging systems.
To relate the detected pixel location of a fiducial in the projection images to the actual world
coordinates, we need to know the intrinsic matrices Ky and Ky of the MV and kV system
(equation (2)), the MV and kV source orientation ry,, and ryy and position ty and ty, defined
in equation (4). System calibration for the arc therapy involves the determination of these
matrices. In an ideal situation where the two beams are orthogonal to each other and the
detectors are perfectly aligned, no actual measurement is necessary to obtain the calibration
matrices, Kyv, Kkv , rmv, Ty, twv and tey. For illustration purpose, this special situation is
described in this subsection.

Assuming that the center of the image is along the line joining the source and iso-center,
the source-to-imager distance is exactly 1500 mm, and both the horizontal and vertical pixel
sizes are exactly 0.392 mm for MV and 0.388 mm for kV, the Kyv and Ky, can be defined
from equation (2). For example, at 90° gantry angle, the matrices ryy and ty in equation (3)
are given by

cos(/2) 0 —sin(m/2) 0
r= 0 1 0 , t=| 0
sin(x/2) 0 cos(m/2) SAD

where SAD is the source-to-axis distance (1000 mm). The matrices ry and tyy can be easily
obtained because MV and kV beams are perpendicular as assumed above. Then, the 3D
fiducial position in real-space can be determined upon the determination of the fiducial on the
simultaneous MV and kV images.

In reality, the system parameters in the kV and MV imaging devices may be different
from their ideal values and the variations are often gantry angle dependent because of the
gantry flex and imager tilt. Thus, a careful system calibration needs to be performed to attain
the system calibration matrices. This calibration allows us to maximally compensate for any
inaccuracy in the manufacture’s setup of the imaging systems and achieve optimal fiducial
tracking accuracy. The calibration procedure is described in some details below.

2.2.4. Fiducial localization with LINAC specific system calibration. For accurate fiducial
tracking, it is required to know the transformation matrices, Kyy, Kiv, v, fiv, tayv and tey,
for each source-to-imager distance (SID) and gantry angle. For a nominal SID and a nominal
gantry angle, a machine-specific calibration following the procedure described below provides
a set of calibration matrices. These matrices may be saved in the format of the lookup table.

The system calibration was done through the use of an in-house designed IGRT QA
phantom containing 13 stainless steel BBs placed in known locations (Mao et al 2008b). After
placing the phantom on the LINAC couch, the world coordinates, }T)w = Xy, Yo, Z)7,
of the BBs in the calibration phantom were known with an accuracy of ~0.3 mm in the
laboratory frame of reference (Mao et al 2008b). At a nominal gantry angle and nominal
SID, MV or kV system calibration was done by analyzing the projection image using the
camera calibration functions provided in the open source computer vision library (openCV)
(openCV 2008). This software used the projection coordinates of the BBs in a MV or kV
frame as its input and minimizes the pixel re-projection error in the least-squares sense using a
gradient descent method to derive the intrinsic camera parameters and the extrinsic parameters
simultaneously. A direct linear transformation (DLT) method (Hartley and Zisserman 2003),
which is commonly used for the calibration of a camera system based on a pinhole model,
was used to initialize the extrinsic parameters.

After the lookup table is obtained, the following method can be used to perform fiducial
tracking during an arc radiotherapy delivery: (i) to detect the fiducial on simultaneous MV
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and kV images and its center-of-mass in units of pixel; (ii) to read out the nominal gantry
angle and SID and find the corresponding transformation matrices in the lookup table and (iii)
to reconstruct the 3D fiducial world coordinates as described in section 2.2.2.

2.3. Phantom validation

The tracking accuracy of the proposed method was first evaluated using a static fiducial. In
this experiment, a semi-circular (90-270°) arc plan at 300 MU/min dose rates was delivered
to a plastic phantom with an embedded ball bearing (BB) of 3 mm diameter. For simplicity,
the field size was fixed at 10 cmx 10 cm at all angles. Three measurements with the fiducial
placed at different positions were carried out. The tracking results were compared with the
known coordinates of the fiducial. This measurement yields the best achievable tracking
accuracy of the system because there is no complication caused by any fiducial motion.

In the next series of tests, a 4D motion platform (Washington University, St Louis, MO)
(Malinowski et al 2007) capable of moving in accordance with a pre-programmed trajectory
was used to move stainless steel BB enclosed in a plastic phantom. Accurate validation tests
(Malinowski et al 2007) on the 4D platform showed a mean positional error of less than
0.2 mm from the inputted trajectory. Periodic motion patterns with two different amplitudes
and three different periods were used to program the motion of the testing phantom.
Specifically, the ranges of the two motions were set to be {10 mm (LR), 25 mm (SI) and
10 mm (AP)}, and {4 mm (LR), 12 mm (SI), and 8 mm (AP)}, respectively. For each motion
range, a period of 3, 4 and 5 s was applied. The motion ranges and periods chosen here reflect
some typical and extreme cases observed in actual lung tumor cases in clinical practice (Keall
et al 2006, Maxim et al 2007).

Currently, clinical mode of the LINAC does not support turning on both the MV and kV
imagers simultaneously. Therefore, all experiments were performed in maintenance mode.
Two methods were used for acquiring MV and kV image data. The first method used two
channels of a four-channel PCI video frame grabber card (ProVideo 149P, ProVideo Co.,
Taipei, Taiwan) to grab both the MV and kV video streams simultaneously at 30 fps on a
dedicated imaging processing computer. In this case both capture and processing were done at
near real-time speeds with an estimated system delay of ~150-200 ms (Wiersma et al 2008).
This method supports synchronization of MV and kV images to the single fixed CPU clock of
the image processing computer, allowing the corresponding MV-kV pairs to be determined
for a particular time with relative ease. However, an associated drawback of this method was
a reduction of the MV and kV image resolutions from their native 1024 x 768 aSi flat panel
resolutions to the maximum 640 x 480 resolution of the video capture card. The second
method recorded both MV and kV images in real time to their separate MV and kV imaging
computers. This method allowed capture at their native 1024 x 768 imager resolutions. In
this case, post-analysis was then performed to synchronize the two video streams by aligning
image motion features along their v-axes.

3. Results

3.1. Accuracy of kV and MV imaging at different gantry angles during an arc delivery

Following the calibration procedure described in section 2.2.4, figure 3 shows the root mean
square (RMS) errors between the detected and ground truth projected positions of the BBs as
a function of gantry angle during arc delivery for the MV (+) and kV (x) systems. The data at
each gantry angle were obtained using the IGRT QA phantom with 13 embedded BBs. Each
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point represents the RMS error of the 13 BBs in the phantom. The RMS re-projection errors
are ~1.7 pixel for the MV imager and ~1.0 pixel for the kV imager.

3.2. Fiducial tracking during arc therapy delivery

3.2.1. Detection of a static fiducial.

Figure 4 shows real-time 3D tracking of a static marker

during an arc delivery with the gantry rotating from 90° to 270° with and without system
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Table 1. Summary of tracking accuracy with calibration. The frame rate of MV imaging was
3.4 Hz

RMSerror RMSerror RMSerror RMSerror  Max error
(LR) mm (SI) mm (AP) mm (mag) mm  (mag) mm

Static fiducial 0.08 0.07 0.11 0.16 0.35
Extreme pattern®  0.57 1.29 0.57 1.52 2.88
T=3s
Extreme pattern®  0.43 0.75 0.40 0.95 2.30
T=4s
Extreme pattern®  0.30 0.49 0.28 0.64 1.90
T=5s
Normal pattern® 0.21 0.36 0.30 0.52 1.05
T=4s

& Motion displacement range is {10 mm (LR), 25 mm (SI), 10 mm (AP)}.
b Motion displacement range is {4 mm (LR), 12 mm (SI), 8 mm (AP)}.

calibration. In the absence of calibration (i.e. assuming the MV-KV imaging systems were
perfectly aligned as described in section 2.2.3), the maximum fiducial tracking error was found
to be 1.29 mm. With the use of system calibration, this was reduced to 0.35 mm. Specific
to each direction, the maximum tracking error was 0.96, 0.50 and 1.25 mm in the LR, Sl and
AP directions, respectively, when no system calibration was applied. These were reduced to
0.23, 0.17 and 0.31 mm, respectively, when the calibration was applied. The tracking error
varies from gantry angle to gantry angle and the error is negligible in the Sl direction because
the uncertainty of the system parameters in that direction is small during an arc delivery.
The experiments were repeated by placing the fiducial at three different positions and similar
results were found.

3.2.2. Tracking of a moving fiducial. ~Figure 5 shows the measurements of the pre-
programmed motion of a fiducial as a function of time or gantry rotation angle (see
section 2.3). For a ‘normal breathing’ pattern (i.e. the range of motion was {4 mm (LR),
12 mm (Sl1), 8 mm (AP)} corresponding to the mean thoracic tumor displacements reported
in the literature (Keall et al 2006, Maxim et al 2007)) with a period of 4 s (figure 5(a)), the
RMS and maximum tracking errors were found to be 0.52 mm and 1.05 mm, respectively,
with calibration (table 1). The RMS errors in the three directions were {0.21 mm (LR),
0.36 mm (SI), 0.30 mm (AP)}. These results indicate that with the currently available MV-kV
imaging technology, tracking a moving fiducial with an accuracy better than 1 mm during an
arc therapy delivery is well achievable.

To test the limit of the hybrid kV and MV tracking, some more extreme cases were
investigated. The tracking accuracy is influenced by the motion amplitude and ‘breathing’
period as they change the maximum speed of the fiducial. In figure 5(b), the range of motion
was set to be {10 mm (LR), 25 mm (SI), 10 mm (AP)}, and the programmed motion period
was 3 s. This setting has a maximum speed of approximately 2.6 cm s~* and is close to be the
‘worst case’ seen in clinic for lung tumor motions (Keall et al 2006). Even for this unusual
case, the tracked motion was found to be very close to the actually inputted motion. In the
absence of calibration, the maximum fiducial tracking error was found to be 3.65 mm. With
the use of system calibration, this was reduced to 2.88 mm. Specific to each direction, the
maximum fiducial tracking errors were {1.63 mm (LR), 3.25 mm (SlI), 2.06 mm (AP)} and
{1.19 mm (LR), 2.68 mm (SI), 1.43 mm (AP)} without and with system calibration applied,
respectively. As discussed in the next section, the fairly large maximum error observed here
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Figure 5. (a) MVV—kV tracking of a moving fiducial during arc therapy. The range of motion was
{4 mm (LR), 12 mm (SI), 8 mm (AP)} and the motion period was 4 s. Measured 3D fiducial
positions obtained with calibration (x) and using the system readouts without calibration (A) are
shown. Deviation between programmed and experimental data points expressed as RMS error
(table 1). Solid curve is the programmed 4D phantom motion. The gantry angle was from 90° to
270°. (b): MV=kV tracking of a moving fiducial during arc therapy. The range of motion was
{10 mm (LR), 25 mm (SI), 10 mm (AP)} and the motion period was 3 s. Measured 3D fiducial
positions obtained with calibration (x) and using the system readouts without calibration (A) are
shown. Deviation between programmed and experimental data points expressed as RMS error
(table 1). Solid curve is the programmed 4D phantom motion. The gantry angle was from 90°
to 270°.

is attributed to the slow frame rate of the MV imaging system for the dose rate used in our
experiments.

The tracking accuracy was greatly improved when the motion period becomes more
‘normal’. By setting the ‘breathing’ period to 4 s while maintaining for the same large motion
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Figure 5. (Continued.)

amplitude, it was found that the RMS and maximum errors were reduced to 0.95 mm and

2.30 mm, respectively. The RMS errors in the LR, SI and AP directions were {0.43 mm,
0.75 mm, 0.40 mm} (see table 1). By proper breath coaching, 4 s period is usually achievable
for the majority of patients. At this period, the RMS tracking error was within 1 mm even for

large motion amplitude.

4. Discussion

A critical step in dealing with intrafraction tumor motion is the real-time monitoring of the

tumor position. Despite intense research effort in attempting to utilize the inherent image

features to extract real-time information of tumor motion, at this point,

fiducial implantation
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Figure 6. An example of the detected marker on MV (left) and kV (right) images. The image size
is 2 cm by 2 cm. The MV frame rate was 3.4 Hz, whereas the kV frame rate was 15 Hz.

remains the most reliable way to accomplish the stated goal. In this work we have presented an
effective method of using a combined MV—kYV fiducial tracking system during an arc therapy
delivery process. Replacing the fiducial detection step with an advanced feature detection
technique, the strategy may also be applied to tissue-feature-based tracking in the future.

Both intrinsic and extrinsic parameters of the kV and MV imaging systems need to
be calculated at each nominal gantry angle and SID because mechanical flex can change
the relative position between the imagers and sources during an arc therapy delivery. The
conversion from the pixel coordinates to lab coordinates includes both intrinsic imaging
system parameters and extrinsic parameters. Therefore, it is the combined transformation
matrix that determines the accuracy of 3D reconstruction. After calibration, the averaged
re-projection errors of the BBs in the QA phantom are around 1 pixel (see figure 3), which
amounts to ~0.3 mm on the iso-center plane. The errors arise mainly from two sources:
inherent inaccuracy of the BB positions in the calibration phantom and the finite detection
accuracy of the spatial locations of the BBs on the projection images. Due to the imperfection
of MV—kV imager dark and flood field calibration and motion blur, the resulting MV or
kV projection of a BB may not be radial symmetric. In addition, perspective projection is
generally not a shape preserving transformation. Depending on the location of the BB relative
to the center axis of the beam, the distortion caused by the perspective projection may result
in the projected BB center not being at the same position as the center of mass of the projected
shape although the error is quite small (~0.2 pixel) (Heikkila and Silven 1997). Considering
all the described error sources and that there are only 13 BBs in our calibration phantom, the
accuracy of the calibration is quite reasonable. By using a precisely fabricated phantom with
sufficient number of fiducials (for example 5-10 times greater than the number of unknowns
needs to be solved), it is anticipated that the re-projection error will be significantly reduced.
This should lead to better tracking accuracy.

The slow MV imaging frame rate in currently available LINACSs is a factor limiting the
fiducial tracking accuracy in cases where the fiducial motion is much faster than an ordinary
clinical situation. When the marker speed increases, the captured marker image becomes
blurred and elongated in the MV image due to its low (3.4 Hz) capture rate. In figure 6, the
image captured by the MV imager (3.4 Hz) and the kV imager (15 Hz) for a marker speed of
2.6 cm s~2, which is similar to the motion blurring observed in other imaging systems (Li et al



7210 W Liuetal

3 sec period
5 sec period

250§

S| Residual (distance to ground truth mm)

Sl velocity (mm/sec)

Figure 7. Absolute residual tracking error (the absolute value of the difference between the
measured and the known positions of the fiducial) in the Sl direction as a function of the fiducial
velocity. The EPID image caption frame rate was 3.4 Hz. The maximum residual error increases
with the motion speed.

2006, Thorndyke et al 2006, 2008). A slower frame rate of MV acquisition is primarily due
to the limited efficiency of the flat panel detector at the MV energy range and the dose rate
used. However, this issue should be resolvable as more advanced digital imaging technology
is integrated into the onboard imaging system. In general, it was found that the tracking error
increases with the marker velocity. Figure 7 shows the absolute residual tracking errors (the
absolute value of the difference between the measured and the known positions of the fiducial)
in Sl direction (motion range was 25 mm—a more extreme case) for two different motion
periods (3 and 5 s) when the EPID was operated at a frame rate of 3.4 Hz. The results clearly
show that the residual error depends on the fiducial speed (not the motion period). The error
was found to be negligible when the motion speed was less than 10 mm s~. Overall, the
tracking accuracy is acceptable for a breathing period of 5 s, even though the motion range is
much larger than ‘normal’. In this case, the maximum error was found to be 1.8 mm at the
point with the maximum speed. For this breathing pattern, the mean and RMS errors for the
points with motion speed greater than 1.5 cm s~* were found to be 0.49 mm and 0.74 mm,
respectively. However, for the breathing period of 3 s, the residual error is markedly increased
at the points where the fiducial motion reaches its maximum speed. As seen from figure 7, the
maximum error in this case is close to 3 mm. The mean and RMS errors for the points with
motion speed greater than 2.3 cm s~ were found to be 1.75 mm and 1.92 mm, respectively.
The trends of residual errors in the LR and AP directions as a function of the fiducial velocity
were observed to be similar to that in Sl direction as described above. In general, an image
acquired at a faster capture rate is similar to that acquired at a slower motion. According to
the data presented in table 1, for the 3 s period motion with a larger amplitude, by increasing
the frame rate from 3.4 Hz to 4.5 Hz, the RMS error can be controlled to below 1 mm. Dose
rate of the investigated treatment plan was set to be 300 MU min—? (according to the control
panel display, the actual dose rate was about 160 MU min— during the arc delivery because
the gantry cannot rotate faster than 1 min per rotation).
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The proposed hybrid MV-kV imaging technique is readily applicable to facilitate
conventional 3D arc therapy by providing real-time information of the implanted fiducials.
When using an intensity modulated MV beam for in-line imaging, a potential difficulty is that
the fiducials may be partially or completely blocked by the MLC leaves at certain angle(s).
There are several sources of information that can help to estimate the 3D coordinates of the
MLC-blocked fiducial in this situation. First, the coordinates of the fiducial in the plane
perpendicular to the kV beam are still available from kV imaging, regardless whether the
fiducial is blocked or not by the MLC. This piece of information is very valuable because
it significantly reduces the dimensionality of the problem. It can be used together with a
suitable motion prediction/correlation model to predict the missing dimension (since two
marker dimensions are provided by the kV imager). Secondly, the fiducial Kinetics attained
by the MVV—-kV system at an earlier time when the marker(s) are not blocked can be utilized
to adaptively predict the ‘missing’ coordinate of the marker in combination with the kV
information. Thirdly, the MLC leaf positions are always available from the EPID images,
which can serve as a useful landmark for fiducial position estimation. Finally, the 3D movement
of the markers captured by the pre-treatment CBCT and planning CT is also available as a
priori knowledge for better positional estimation. The development of such a multiple input
single output (MISO) adaptive prediction algorithm is still in progress. Since only one
coordinate needs to be estimated for a short interval of time, we foresee no major difficulty in
accomplishing an accurate positional estimation. This remains true in a rare situation when
all the fiducials are blocked by a MLC segment. For certain types of tumors that deform
little during the treatment process (e.g. the prostate), the positions of unblocked fiducials
can be employed as landmarks in allocating the MLC-blocked fiducial(s) (Mao et al 2008a).
Note that, in reality, it is possible to take the fiducial information into consideration during
the modulated arc therapy inverse planning process. This should be feasible to ensure the
visibility of at least one fiducial during inverse planning. Of course, the addition of this type
of constraint in inverse planning may compromise the achievable dose distribution. But it is
arguable that the tradeoff will likely be minimal because, after all, for the majority of cases,
the fiducials are placed inside the tumor target volume and represent high dose points. We are
currently actively pursuing the study and the results will be reported elsewhere.

In practice, the kV imager does not have to be on throughout the whole arc delivery
process. The usage of kV imaging may be potentially reduced by use of information provided
by the MV imaging and a knowledge-based motion prediction algorithm. Our preliminary
results have shown that the kV frame rate can be reduced to 1 Hz, while maintaining accurate
3D tumor tracking using an autoregressive and moving average model (Box et al 1994). We
are also investigating the feasibility of 3D fiducial tracking using only the MV beam for arc
based deliveries since the intrinsic motion of the gantry during these types of deliveries offers
a natural way to take multiple images from different viewing angles. Here, it is anticipated
that temporally fast, while still spatially accurate, 3D reconstruction may be challenging due
to relatively small gantry angle difference between captured MV image frames of short time
separation. For slow moving organs such as the prostate, tracking using MV images with
larger angle separation is potentially possible, whereas, for fast targets as lung-based tumors,
it may be possible to complement the MV imaging with occasional kV imaging.

Although internal marker positional information from the treatment beam (MV EPID
images) can be acquired with no additional dose cost to the patient, real-time k\V monitoring
of tumor motion will introduce extra diagnostic dose to the patient. Wen et al (2007) have
reported that skin doses for a Varian CBCT scan (with 660 images) is 3—6 cGy (less than
0.01 cGy/projection). For real-time marker motion tracking, as discussed above, the necessary
frame rate can be reduced to an order lower or less. Therefore, for a typical 40-fraction
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treatment, the total extra skin dose caused by kV imaging will be around 20 cGy or less, which
is not considered significant for radiation therapy. It is envisioned that future advances in
imaging hardware and software, together with the relative ease of detecting metallic fiducials
in kV images, will lead to reduction in the necessary tracking dose. For example, recent
advances in imaging algorithms based on x-ray image noise properties can further reduce the
kV imaging dose without significantly sacrificing image quality (Wang et al 2008).

5. Conclusion

Through the use of combined MV and kV cine imaging, we have demonstrated a method
of tracking the real-time location of internal fiducial markers during arc delivery with an
accuracy better than 1 mm for typical adult breathing patterns. Unlike other fluoroscopy based
tracking techniques, which require two or more kV sources, only one kV source is needed.
The technique can be readily implemented on any LINACs equipped with onboard kV and
EPID imaging devices. Furthermore, the problem of gantry blockage commonly seen in other
stereostatic imaging systems is effectively alleviated in the proposed approach. Given the
increased popularity of arc delivery and the general need of knowing the target position during
a treatment fraction, the proposed technique is very promising for future use in the clinic.
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The advantage of highly conformal dose techniques such as 3DCRT and IMRT is limited by
intrafraction organ motion. A new approach to gain near real-time 3D positions of internally im-
planted fiducial markers is to analyze simultaneous onboard kV beam and treatment MV beam
images (from fluoroscopic or electronic portal image devices). Before we can use this real-time
image guidance for clinical 3DCRT and IMRT treatments, four outstanding issues need to be
addressed. (1) How will fiducial motion blur the image and hinder tracking fiducials? kV and MV
images are acquired while the tumor is moving at various speeds. We find that a fiducial can be
successfully detected at a maximum linear speed of 1.6 cm/s. (2) How does MV beam scattering
affect kV imaging? We investigate this by varying MV field size and kV source to imager distance,
and find that common treatment MV beams do not hinder fiducial detection in simultaneous kV
images. (3) How can one detect fiducials on images from 3DCRT and IMRT treatment beams when
the MV fields are modified by a multileaf collimator (MLC)? The presented analysis is capable of
segmenting a MV field from the blocking MLC and detecting visible fiducials. This enables the
calculation of nearly real-time 3D positions of markers during a real treatment. (4) Is the analysis
fast enough to track fiducials in nearly real time? Multiple methods are adopted to predict marker
positions and reduce search regions. The average detection time per frame for three markers in a
1024 X 768 image was reduced to 0.1 s or less. Solving these four issues paves the way to tracking
moving fiducial markers throughout a 3DCRT or IMRT treatment. Altogether, these four studies
demonstrate that our algorithm can track fiducials in real time, on degraded kV images (MV
scatter), in rapidly moving tumors (fiducial blurring), and even provide useful information in the
case when some fiducials are blocked from view by the MLC. This technique can provide a gating
signal or be used for intra-fractional tumor tracking on a Linac equipped with a kV imaging system.
Any motion exceeding a preset threshold can warn the therapist to suspend a treatment session and

reposition the patient. © 2008 American Association of Physicists in Medicine.
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[. INTRODUCTION

Highly conformal radiation therapy techniques, such as
three-dimensional conformal radiotherapy (3DCRT) and
intensity-modulated radiation therapyl (IMRT), provide ex-
quisitely shaped radiation doses that closely conform to tu-
mor dimensions while sparing sensitive structures.? They
require greater precision in tumor localization, treatment
setup, and delivery than conventional techniques. In practice,
inter- and intrafraction organ motion results in an uncertainty
of tumor location. For example, respiratory and prostate tu-
mors can move up to 3 cm over the course of routine
radiotherapy.s‘9 Research activities on image-guided radia-
tion therapy have emerged recently to improve targeting in
radiation treatment.'® It is essential to track the dynamical
nature of human anatomy or at least the tumor motion in real
time.t

Several methods of obtaining the real-time tumor position
are available, and these can be categorized as being either
indirect (external surrogate based) or direct (fiducial/image)
in nature. In general, indirect tumor location methods, such
as external skin marker tracking or breath monitoring tech-
niques, rely on the correlation between external body param-
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eters and the tumor.>*? In reality, the relationship between
external parameters and internal organ motion is complex
and a large uncertainty may be present in predicting the tu-
mor location based on external markers. Direct tumor posi-
tion measurement is highly desirable for therapeutic guid-
ance. In the last decade, a number of direct real-time 3D
tumor tracking methods have been implemented, primarily
using fluoroscopy®** or magnetic field localization.** Par-
ticularly, the feasibility of using electronic portal imaging
devices (EPID) and stereoscopic x-ray imaging for real-time
tumor tracking has been explored.‘q"s’e’lf’"26

A crucial component of an image based tracking system is
the ability to successfully identify and track user-specified
image-based features at a near real-time speed. The detection
algorithm must also be able to segment markers from ana-
tomic structures and simultaneously track multiple markers
without confusing one marker for another. Generally, an in-
tensity based fiducial marker detection algorithm tends to fail
when the marker is in the vicinity of high contrast structures
such as bone. This can be avoided by using template match-
ing, as demonstrated by Shirato et al., for the tracking of a
single spherical gold marker using multiple kV fluoroscopic

© 2008 Am. Assoc. Phys. Med. 3554
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imaging systems.?® Tang et al. have further extended tem-
plate matching by developing a cylindrical marker detection
algorithm that takes into account the different possible pro-
jections of the marker based on its orientation and length on
their custom designed stereoscopic kV on-board imaging
systems.27 Because a single in-line x-ray beam is only two
dimensional, the 3D coordinates of the embedded fiducials
are usually obtained by specially designed multiple kV x-ray
sets.3’5’6'25'28

Recently, Wiersma et al. used combined kV and MV im-
aging systems to track the 3D location of a spherical metallic
fiducial.?® This technique has the inherent benefit in that only
one KV source is required for full 3D marker positional in-
formation since the actual MV beam is also used for posi-
tioning. Compared to other stereoscopic systems, which gen-
erally require two or more kV imaging sets, this technique
reduces the radiation dose to the patient and requires mini-
mal modification of the current hardware. In Wiersma’s
work, a freely available third party software program was
used to detect a spherical fiducial, 3 mm in diameter. As of
yet, there have been few works presenting marker-tracking
algorithms that are suitable for tracking internal markers us-
ing MV image data with high success rates because these
images have significantly reduced contrast.'® Further, it is a
more challenging task to robustly detect small cylindrical
fiducials (gold seeds) used clinically, in a realistic setting.
This problem is exacerbated when the incident beam is an
IMRT field instead of an open field, because one or all im-
planted fiducials may be blocked by the MLC at some seg-
ments during IMRT delivery.

In this article, using a new detection algorithm,*® we will
study four clinically relevant issues pertaining to the appli-
cation of tracking fiducials in real time based on simulta-
neous kV and MV imaging:

(1) How fast can a marker move and still be detectable?
Motion will blur the fiducial and hinder tracking it. It is
essential to investigate the maximum moving speed at
which the markers can still be detected by this proce-
dure.

(2) How does the MV beam scattering affect kV imaging? It
has been reported that if MV and kV images are ac-
quired simultaneously, MV beam scattering has signifi-
cant interference with kV imaging while kV beam scat-
tering effect on MV images is minor.3* A quantitative
study is necessary to clarify if simultaneous MV beam
scattering affects the detection of markers on kV images.

(3) Can an algorithm reliably track markers in MV images
with irregular fields? The aperture of MV beam is care-
fully modified by a multiple-leaf collimator (MLC) in
any 3DCRT or IMRT treatment plans. A major challenge
is that one or more markers may be outside of the MV
fields/ images and this requires very high specificity de-
tection, particularly when the MLC is moving. Is this
tracking procedure capable of handling the MLC block-
ing problem?

(4) Is this algorithm fast enough to track markers in nearly
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Fic. 1. Apicture of the Trilogy with extended MV EPID, kV source, and kV
imager. Room coordinates are illustrated.

real time? An analysis speed of 10 Hz is desirable for a
nearly real-time 3D position tracking in order to gate
treatment beam delivery.

Il. MATERIALS AND METHOD
ILA. Hardware setup and computer calculation

All experiments were performed on a Varian Trilogy™
(Varian Medical System, Palo Alto, CA) with a MV EPID
and a kV onboard imaging system as shown in Fig. 1. The
onboard imaging system is located perpendicular to the treat-
ment MV beam and consists of a kV x-ray tube together with
an aSi flat panel imager. Effective pixel sizes of the kV and
MV detectors were 0.388 and 0.392 mm, respectively. Both
detectors had a resolution of 1024 X 768, corresponding to an
effective area of detection of approximately 40 cm X 30 cm.
For both MV and kV systems, the default source-to-axis dis-
tances (SADs) and source-to-imager distances (SIDs) were
set to 100 and 150 cm, respectively. Both dual MV energies,
6 and 15 MV, were used in this article. The MV EPID
was capable of capturing images at a speed of
7.5 frames per second (fps) and 7.8 fps for 6 and 15 MV
beams, respectively, while the kV imager had a capturing
speed of 15 fps in the fluoroscopic or continuous imaging
mode.

A sliced pelvic phantom was tested on a motion platform.
Three gold cylindrical fiducial markers were embedded in
the prostate position, each fiducial had a diameter of 1.2 mm
and a length of 3.0 mm. The platform was driven by an
electrical motor and could move linearly with an adjustable
period between 2.0 and 6.0 s and its maximum motion am-
plitude was set to 1.0 cm.

A software program (C language) was developed to ana-
lyze projection images and obtain fiducial positions. All cal-
culations were performed on a Dell Precision 470 worksta-
tion (3.4 GHz Xeon CPU and 4 GB RAM).

II.B. Fiducial tracking algorithm

Figure 2 illustrates the complete procedure to track mark-
ers on open-field kV or MV images. Major steps are de-
scribed in the following subsections.
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Fic. 2. Flow chart of detecting moving markers on open-field kV/MV
images.

e Obtain approximate 3D positions of FMs from planning
CT

The first step was to obtain approximate 3D posi-
tions of fiducials from the planning CT and then convert
them to the treatment coordinates. A simple intensity-
based search for the markers was performed on the
planning CT. Due to the much larger CT numbers of the
metallic markers relative to other anatomical structures,
the markers were easily segmented from the image
background. The displacement vector relating the CT
iso-center to the treatment iso-center was then used to
relocate marker CT coordinates relative to the treatment
iso-center.
Predict FM locations

The FM locations on projection images could be pre-
dicted by their approximate 3D positions obtained from
prior planning CT images. For any FM having 3D po-
sition (Xy,Ym,2Zu), its expected projection location
(u,v) on either the kV or MV detector was predicted by
the following relationships:*?

€os(¢)Xu + Sin(P)ym

u=Fr R = sin(¢@)xy + cos(d)ym @

=F o (2)

° 7T R=sin(¢)xy + cos( )y
where ¢ was the Varian gantry angle, R was SAD, and
F was SID. The x axis was in the lateral direction of
patient couch, the y axis was in the anterior-posterior’
direction, the z axis was the superior-interior (Sl) direc-
tion, and the origin was the Linac’s iso-center. The co-
ordinates of the imagers (u,v) were defined on the im-
ager and rotated with the gantry while v axis was
parallel to z axis and u-axis laying the xy plane. Their
origin is at the imager geometric center and their units
are in mm or pixels (converted by effective pixel size).
The region to search for the fiducial marker was then

Medical Physics, Vol. 35, No. 8, August 2008

reduced to a small circular region of interest (ROI) cen-
tered on the predicted location. The ROl may be large
or small depending on the range of tumor motion. Typi-
cally, a ROI with a radius of 75 pixels, or about 2 cm
around the object, was found to be adequate for locating
the moving markers in our studies.

For those markers located near each other, overlap-
ping ROIs were combined into one larger ROl group
containing both markers. In the case of multiple mark-
ers existing in the same ROI group, the detected marker
positions in this ROI group were reordered based on the
information from the planning CT results including the
internal distances between markers and the shortest dis-
tances between detected and predicted marker projec-
tions, so that every detected fiducial would be identified
without any confusion.

Reduce ROIs

Two methods were used to reduce ROIs if possible.
One method was to use the detected FM locations on
the previous image during a continuous imaging course.
Due to the short time interval between acquisitions
(<0.1 s) marker movement between consecutive im-
ages was limited so the new FM location should be
close to the prior location. For instance, when the ROI
radius was reduced to 25 pixels, this still covered a re-
gion with a radius of 6.7 mm, which corresponded to
any movement with a speed less than 5 cm/s.

Another method was to use the relative positions
among markers to locate undetected markers under the
rigid body assumption. As long as one or more markers
were detected, other markers’ expected positions were
calculated based on their relative locations to the de-
tected markers by ignoring the internal motion among
markers. The second search was usually performed in
smaller ROIs with lower thresholds in order to detect
markers with a weaker signal.

e Match patterns

Fic. 3. Flow chart of pattern matching algorithm.
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A novel fiducial tracking algorithm (pattern match-
ing algorithm, as summarized in Fig. 3) has been devel-
oped to detect cylindrical fiducial markers on kV and
MV projection images.?>*° A cylindrical marker could
be projected into different shapes depending on its ori-
entation. A filter was applied to find the fiducial orien-
tation at a given pixel. With this filter, we divided the
angular space on a projection plane into eight bins. The
average intensities of every bin adjacent to the given
pixel were compared and the bin with the highest aver-
age intensity was presumed to correspond to the fiducial
orientation. It should be noted that the cylindrical ori-
entation results carried no information for most of the
pixels and it was only valid for pixels on a cylindrical
object.

A cylindrical marker can be projected into different

2(i.j) epattern(Fusipej ~ m)(pi’j P

Rﬁ_

2 jepattern(Fusi p+j ~ fu)(Pij = P)
e (i j) ePattern( P -p?

H (4)

where m is the average intensity of the pattern region
around pixel (u,v) and p is the average intensity of the
pattern distribution as given by

f =

uuv

1
o fu+i,y+ja (5)
N (i,j) e Pattern

> Pi (6)

(i,j) e Pattern

Zl-

with N being the total pixel number of the pattern. The
square of the coefficient of correlation or coefficient of
determination for a linear regression is conveniently
called R square or R?. It varied from 0 (no correlation)
to 1 (perfect correlation). The scaling factor, H, indi-
cated the relative intensity of the object compared to the
background. In an ideal case, the image was scaled
from the pattern after a background shift, f,;
=k-p; ;+b, where k and b were constants, and the pat-
tern matching result would be R% =1 and H,,=k.
After the R? and H values were calculated for every
pixel in the ROIs, they were screened based on pre-
defined thresholds. For pixels that passed the threshold,
adjacent pixels were examined, and an overall length
for the fiducial was determined. The presumed fiducial
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shapes (length and orientation) depending on its orien-
tation and the x-ray beam direction. However, its cross
section, a narrow section perpendicular to the cylindri-
cal orientation, is a unique feature and it only depends
on the fiducial width and cylindrical orientation. For
convenience, the cross-section patterns at all eight cy-
lindrical orientations were precalculated for given
widths. The cross section of every pixel was then
matched with the predetermined cross-section pattern at
the cylindrical orientation of that center pixel. At each
pixel location (u,v) within ROIls, a comparison was
made between the surrounding pixels ({f,.; ,+j}) and the
pattern ({p; ;}) corresponding to the cylindrical orienta-
tion of that pixel. Two criteria were used to quantify the
matching: The square of the correlation coefficient,
wa, and the scaling factor or intensity, H,, ,,

@)

would be rejected if its overall length was longer than a
predefined maximum length.
Calculate 3D coordinates from orthogonal dual
projections

The nearly real-time 3D positions of fiducial markers
were calculated from FM projections on two orthogonal
imagers. Every marker (Xy,Ym,2zw) had two projec-
tions: (Upv,vmy) 0N MV imager and (U, viy) On KV
imager. The Trilogy might have a different SID and
SAD, (Fpy,Rwy) and (Fyy, Ry, for the MV and kV
imaging systems. Because the Trilogy kV imaging sys-
tem always had a gantry angle of 90° larger than the
MV imaging system, it is convenient to use the MV
gantry angle to represent the Trilogy’s rotation status.
At a MV gantry angle of ¢, the fiducial marker’s coor-
dinates could be calculated from Egs. (1) and (2):

FioRuv + RavUiy

a=u , (7)
MVFMkav + UpvUky

B= ukVFMVRkV - RMVUMV’ (8)
FuvFry + Unviy

Xem = €0S(¢p) - a = sin(¢p) - B, 9)

Yem = Sin(¢) - a + cos(¢p) - B, (10)

1(Ru+*B Ro—a )
—=(Dwrph o Rwma ) 11
Zpy 2( Fuy Umv Fuy Ukv (11)
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Experiments

Speed of moving FMs

The motion of fiducials would blur images and im-
pede tracking. The maximum detectable moving speed
is an important factor of this detection procedure. We
tracked fiducial markers implanted in a phantom, which
moved at various speeds, on open-field kV and MV
images. The maximum linear speed can be calculated
by Eq. (12)

27A
speed = e (12)

where A was the motion amplitude and it was 10.0 mm
in this study and T was the motion period.

Detection efficiency has been defined as the ratio
between total number of detected fiducials and total
number of fiducials in all images.

Test the effects of MV scattering on kV imaging

During simultaneous MV and kV imaging, scattering
of the MV beam would significantly diminish kV imag-
ing quality, but the diminished kV image might still be
good enough to track fiducial markers. In general, the
quality of kV images was inversely proportional to MV
beam size and directly proportional to kV SID. In this
study, the kV images were analyzed by varying the MV
field size from the maximum of 26X 20 cm? (open
field) to 10X 10 cm? and increasing the SID from
150.0 to 181.8 cm. Since the typical human abdomen
has different thickness in lateral (LAT) and anterior-
posterior directions and MV and kV beams are in or-
thogonal directions, the scattering effects on both AP
and LAT directions were tested here.

Tracking fiducials with the presence of a MLC

In order to track fiducials during a treatment course,
two phantom verification plans for 3DCRT and IMRT
treatments from real patients were prepared on an
Eclipse (Varian Medical System, Palo Alto, CA). The
3DCRT plan contains four fields: AP, PA, and two LAT
fields. The step and shoot IMRT treatment plan included
seven fields and 74 segments in total. All MV and kV
images were acquired simultaneously during the deliv-
ery of the treatment plans. The pelvic phantom was
placed on the motion platform and both plans were de-
livered multiple times at different motion cycle periods.

Figure 4 shows the flow chart to track markers when
the MLC was moving (i.e., for an IMRT plan). An iden-
tical tracking method was applied for kV images as de-
scribed in Sec. 1l B. The kV results were then used to
help locate fiducials on MV images as shown in Fig. 4.
Compared to tracking markers on open-field images,
there was an additional step to screen and define the
MLC field after MV images were acquired. An intensity
threshold was computed from the minimum and maxi-
mum intensity of the whole image and then used for
segmenting the MV field from the MLC blocked area
by a simple intensity based screening process. The im-
age was also linearly normalized for consistent analysis
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Fic. 4. Flow chart of detecting moving markers on IMRT kV/MV images.

across a series of projections. For convenience, the
maximum intensity was normalized to 1000 while the
minimum intensity was normalized to 0.

When using the treatment MV beam for in-line im-
aging, a potential difficulty is that the fiducials may be
partially or completely blocked by the MLC at certain
segments. There are five sources of information can
help in this situation. First, the coordinates of any fidu-
cial from the orthogonal kV imaging are always avail-
able. This piece of information is very valuable in esti-
mating the position of this fiducial on MV imager
because the kV projection result indicates that the fidu-
cial locates on a kV x-ray trace from the kV source to
the kV projection. Its possible projection on MV imager
must be on the projection of this kV x-ray trace. Coor-
dinates of kV and MV projections of the same fiducial
on the common axis, the v axis, are close to each other.
More details are presented in the Appendix. Second,
fiducial kinetics obtained at the previous time point can
be utilized by a prediction algorithm to facilitate esti-
mation of marker position as discussed in the subsection
Il B. Fiducial tracking algorithm, Reduce ROls
Third, the detected fiducials’ positions could be helpful
to locate other blocked fiducials based on their relative
positions as discussed in the subsection Il B. Fiducial
tracking algorithm, Reduce ROIs. Fourth, the MLC
leaf positions are always available from the EPID im-
ages, which can serve as a useful landmark for fiducial
position estimation because the fiducials should be ei-
ther detected or in the MLC leaf blocked area. Finally,
the 3D movement of the markers captured by the pre-
treatment 4D CBCT and simulation 4D CT is also avail-
able for positional prediction. For example, an elliptic
ROI may be used for a known tumor- motion direction
instead of a circular ROI. This will reduce the size of
possible MV projection locations in certain directions.
Furthermore, it would reduce the length of 1D possible
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Fic. 5. Typical fiducial tracking. (a) Projection image in which the ROIs
were highlighted. (b) Intensity results of pattern matching in the dash rect-

angle

region of (a). (c) R? results of pattern matching in the dash rectangle

region of (a). (d) Qualified features after the primary search.

MV projection locations predicted by orthogonal kV
imaging results.

[ll. RESULTS

An Example of fiducial tracking

Figure 5 illustrates a difficult fiducial tracking case
on a lateral MV image. The ROIs for three fiducials
were predicted by the planning CT results and high-
lighted in Fig. 5(a), in which the dash rectangle dis-
played a region including all ROIs. After pattern match-
ing was performed on every pixel in the ROIs, intensity
and R? results were obtained as shown in Figs. 5(b) and
5(c), respectively. The intensity and R? thresholds were
determined based on the maximum values of that ROI
group and predefined minimum values. After threshold
screening, only one feature was qualified as a fiducial
[enclosed by a solid circle in Fig. 5(d)] while another
feature was rejected because its length was too long.

The second search then followed. The positions of
undetected markers were closely estimated by the rela-
tive shifts among markers as enclosed by the small
dashed circles in Figs. 5(b) and 5(c). After the thresh-
olds were set at lower values, all markers were success-
fully detected.
Speed limit for detecting moving fiducials

MV and kV image series were analyzed with the
motion platform moving at different periods. Figure
6(a) illustrates the projection locations of one marker
when the motion platform was moving at an amplitude
of 10.0 mm with a period of 4 s. The traces were fit to
sine waves shown in the Fig. 6(a). The fitting results
indicated that the motion amplitudes for both axes were
3.38 and 9.49 mm, respectively. This means the total
amplitude is 10.07 mm (=13.38%+9.49?), which is very
close to the nominal amplitude (10.0 mm). Figure 6(b)
illustrates the difference between measured projections
and fitting results and the variations are less than
0.8 mm.

Images of the moving phantom were analyzed to test
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(b)

Fic. 6. Marker Detecting Accuracy. (a) Measured the projections against
fitting results. (b) Differences between measured the projections against fit-
ting results.

the detection efficiency for moving fiducials. In total,
877 kV and 456 MV images on both lateral (90° gantry
angle) and AP directions were acquired and analyzed
for the motion study. It is always easier to detect mark-
ers on the AP images than on the LAT images, partially
because of the increased scattering at the LAT direction.
All markers in kV images and AP MV images (either
6 MV or 15 MV energy) were successfully detected
(detection efficiency of 100%). For the difficult cases,
detection efficiencies on LAT MV images are illustrated
in Fig. 7. A detection efficiency of better than 95% is
achieved for both MV energies when the motion period
is 4 s or longer, which correlates to a maximum linear
speed of 1.6 cm/s or slower.

Fic. 7. Detection efficiencies of moving markers on LAT MV images of
dual energies.
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TaBLE |. Summary of the kV detection efficiencies affected by MV field size and kV SID. Two efficiencies present MV field at AP and LAT directions,

respectively.

kV SID (cm) 181.8 166.7 150.0
MV direction AP LAT AP LAT AP LAT
MV field size (cm?) 10Xx10 100% 100% 100% 100% 100% 100%
15X15 100% 100% 100% 100% 100% 4%
26X 20 100% 76% 61% 13% 6% 1%

e Effects of MV beam scattering on kV imaging

Usually scattering of the simultaneous MV and kV
beams can cause concern for degrading the quality of
the kV image. Fortunately, here only the fiducial mark-
ers are of interest and our analysis is capable of suffer-
ing a certain degree of scattering. The kV SID was ex-
tended further to reduce the scattering from MV beams;
842 kV images were acquired and analyzed while vary-
ing the SID and MV field size; the detection efficiency
results are summarized in Table I. As expected, either a
smaller MV field or a larger SID leads to better detec-
tion. It was found that the markers in kV images could
be successfully analyzed even with the scattering from a
common treatment MV field (10X 10 cm or less). In
addition, when our 3DCRT and IMRT plans were deliv-
ered, more than 5000 kV images were acquired and
analyzed and all markers were successfully detected
with a detection efficiency of 100%. This guarantees
that kV imaging is always applicable for tracking fidu-
cials during treatment.

e Tracking FMs in the presence of a MLC

The IMRT plan was delivered once without phantom
motion and once with a motion period of 4.0 s. All MV
and kV images were acquired and analyzed. Special
attention was paid on treatment segments with fiducials

Fic. 8. Detect fiducials during an IMRT treatment. (a) Orthogonal kV im-
age. (b)—(i) MV images for every segment. Detected fiducials were enclosed
in square boxes. Ovals or circles in the MLC blocked region indicate the
predicted fiducial projections and the horizontal line indicate the predicted
fiducial projections based on orthogonal kV imaging results.
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partially or completely blocked by the MLC. Figure 8
illustrates fiducial tracking on the MV field at a gantry
angle of 235° with the static phantom. The fiducial co-
ordinates obtained from orthogonal kV images were
used to help locate projections on MV images [as
shown in Fig. 8(a)]. The possible MV projection might
not be exactly horizontal due to the divergence of the
kV x-ray trace (as discussed in the Appendix). As long
as a fiducial was detected at any segment [Figs.
8(c)-8(i)], the blocked fiducials could be estimated very
closely by fiducial relative positions (circles in the MLC
blocked area) and common axis kV coordinates (solid
lines). The estimated position was limited on a horizon-
tal line with a length corresponding internal deforma-
tion up to =5 mm. It is still possible that all fiducials
are outside of the MV field because of small IMRT
segments as shown in Fig. 8(b). In this case, the pos-
sible positions could be estimated as elliptic ROIs by
3D planning CT data and available 4D CT results. Their
long and short axes correspond to possible motion of
+2 cmand £1 cm in two directions, respectively. The
orthogonal kV imaging results limit the estimation to
horizontal lines with a length corresponding motion up
to =1 cm.

The 3DCRT plan was delivered three times with the
motion period varied at 2.0, 3.0, and 4.0 s. All MV and
kV images were acquired and analyzed. Figure 9 dis-
plays the simultaneous MV and kV images when the
phantom was moving. Most of the markers were suc-

Fic. 9. Simultaneous MV and kV images with a MV gantry angle of 180°
and a motion period of 4 s.
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(@)

(b)

()

Fic. 10. Three-dimensional coordinates of one marker during the treatment.
Results from four fields were synchronized for comparison purpose; (a) x
coordinates, (b) y coordinates, (c) z coordinates.

cessfully detected as enclosed in solid rectangles.
Nearly real-time 3D positions of fiducial markers were
calculated at all fields based on Egs. (7)—(11). After
synchronizing the results from different fields, it was
found that results from different fields were within
+0.8 mm of their average positions. Figure 10 illus-
trates 3D coordinates of one moving marker in every
field with a period of 4 s.

It should be noted that the presence of a MLC does
not affect the detection efficiency dependence on mo-
tion speed and all fiducial markers on every kV image
were successfully detected.

¢ Performance of analysis software

Special attention was paid on the analysis software
programming. It is essential to compute the location of
a marker quickly so to be able to track the markers at a
speed of 10 fps or higher. Most of the calculation time
was spent on the pattern matching, including determin-
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ing orientation and calculating intensity and R%. A com-
plete search on 1024 X 768 pixels image costs about
1 s. The searching region of three markers with a radius
of 75 pixels reduces the calculation time by an order of
magnitude. The average search time for three markers
was 0.08 s per frame.

Basically, kV and MV images could be analyzed in-
dependently. It is generally much easier to track mark-
ers on kV images than on MV images not only because
kV images have better contrast but also because fidu-
cials are always visible in kV images. However, this
does not mean that double the calculation time is
needed for simultaneous kVV and MV image analysis
because the kV tracking results might be used to reduce
MV ROls as shown in Fig. 4 in addition to the other
two methods to reduce ROIs. This process significantly
reduces the size of ROIs on MV images and further
reduces the computation time. It is found that 0.1s
analysis time per kV/MV pair is achievable on our cur-
rent single CPU architecture. Reduced computation
time is expected if parallel computation is implemented
on a multiple-core processor.

IV. DISCUSSION

The four studies presented in this article pave the way to
track 3D positions of multiple moving fiducial markers dur-
ing treatment in nearly real time. We demonstrate that our
algorithm is capable of tracking fast moving fiducial markers
by simultaneous kV and treatment MV imaging. Further-
more, the analysis speed is fast enough to report nearly real-
time 3D positions of the markers. It is also worthwhile to
mention that this procedure does not need any assumed mo-
tion model. Although all motion experiments were per-
formed on a periodic moving platform, the algorithm does
not take this periodicity into consideration, meaning these
results should just as easily apply to nonperiodic motion.
This is also why the term nearly real-time 3D position was
used instead of 4D position because the terminology of 4D
usually refers to a periodic motion particularly when it is
associated with 4D CT. This procedure detects any regular,
irregular, or sudden motion as long as the maximum speed is
not very fast.

We can track marker motion up to a period of 2 s in kV
images, not only because of much higher contrast of kV
images than MV images, but also because of its higher cap-
ture speed (15 fps). Currently, the acquisition speed of the
MYV imaging is less than 8 fps, which means that the marker
may move about 2 mm (~7.5 pixels on imager) at a speed of
1.6 cm/s during one acquisition (marker width ~5 pixels).
The blurring induced by motion and small size of the marker
make it difficult to track fiducials on MV images, particularly
those with low image quality. It should also be noted that
better hardware will improve performance, e.g., quicker MV
image acquisition.
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This method is suitable for tracking any tumor motion as
long as fiducial markers or surgical clips are available. It is
not limited to a certain type of site although the studies were
performed on a pelvic phantom.

The proposed procedure will be an economic solution to
nearly real-time tracking of tumor motion since more and
more linear accelerators are coming equipped with an on-
board kV imaging system. This procedure does not need any
extra expensive equipment such as multiple KV imaging sets.

Another advantage of this procedure over stereoscopic kV
tracking systems is that using the treatment beam as part of
tracking reduces extra dose to the patient. Although kV im-
aging dose is still a concern, we would like to emphasize that
the patient dose from a single kV imaging set here is 50%
less than that from stereoscopic kV imaging sets. In this
study, we used the typical kV CBCT imaging parameters
(125 kV, 80 ms, and 25 mA). It has been reported that the
dose to the soft tissue for such a CBCT scan (with 630 im-
ages) is ~5 cGy.*® Since an acquisition speed of 7.5 fps
is sufficient, the kV dose is about 3.6 cGy/Min
(5 cGy/630%(7.5/5)=0.06 cGy/s). A typical IMRT treat-
ment has a beam on time of about 2 min for a 200 cGy dose
delivery to the target. This implies that the kV imaging dose
is about 7.2 cGy. However, this represents the worst case
scenario where the kV beam is on throughout the IMRT
beam delivery process. In reality, it is not necessary to keep
the kV imaging system on all the time. The kV imaging may
be switched off during the step mode of IMRT delivery. In
addition, the kV field size can be reduced according to the
fiducial motion range. All these strategies may further reduce
the kV imaging dose.

The proposed hybrid MV/KV imaging technique is readily
applicable to facilitate conventional 3D radiation therapy by
providing real-time information of the implanted fiducials.
When using IMRT MV beam for in-line imaging, a potential
difficulty is that the fiducials may be partially or completely
blocked by the MLC leaves at a certain segment(s). There
are four sources of information that help to estimate the 3D
coordinates of the MLC-blocked fiducial in this situation.
First, the coordinates of the fiducial in the plane perpendicu-
lar to the kV beam are still available from kV imaging. This
piece of information is very valuable because it significantly
reduces the dimensionality of the problem. Second, the fidu-
cial Kinetics attained by the kV/MV system at earlier time
when the marker(s) are not blocked can be utilized to adap-
tively predict the “missing” coordinate of the marker in com-
bination with the kV information. Third, the MLC leaf posi-
tions are always available from the EPID images, which can
serve as a useful landmark for fiducial position estimation.
Finally, the 3D movement of the markers captured by the
pretreatment CBCT and planning CT is also available as
a priori knowledge for better positional estimation. The de-
velopment of such a multiple input single output adaptive
prediction algorithm is still in progress. Because there is only
one coordinate that needs to be estimated for a short interval
of time, we foresee no major difficulty in accomplishing an
accurate positional estimation. This remains true in a rare
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situation when all the fiducials are blocked by a MLC seg-
ment. For certain types of tumors that deform little during
the treatment process (e.g., the prostate), the positions of
unblocked fiducials can be employed as landmarks in allo-
cating the MLC-blocked fiducial(s).

During our 3DCRT verification plan delivery, at least two
of three fiducials were visible in every field even when the
phantom was on a motion platform. All fiducials were visible
in 95% of the segments. During the delivery of the verifica-
tion IMRT plan, at least one fiducial was visible in about
75% of the segments. This percentage is highly dependent on
the case and the treatment planning system. To increase the
visible time of a fiducial, it is possible to add one or more
imaging segments (i.e., a segmented field with small monitor
unit for the purpose of imaging the fiducials) to the treatment
IMRT leaf sequences to facilitate the detection of a fiducial
at a certain point of IMRT delivery. Another avenue of re-
search is to take the fiducial information into consideration
during the IMRT inverse planning process. With the devel-
opment of segment-based dose optimization methods,>** it
should be feasible to ensure the visibility of at least one
fiducial during the inverse planning process. Of course, the
addition of this type of constraint in inverse planning may
compromise the achievable dose distribution. But it is argu-
able that the trade-off will likely be minimal because, after
all, the fiducials are all inside the tumor target volume and
represent high dose points. We are currently actively study-
ing this issue and the results will be reported elsewhere.

V. CONCLUSION

The four studies presented in this article pave the way to
track nearly real-time 3D positions of multiple moving fidu-
cial markers during treatment. It is demonstrated that this
proposed process is capable of tracking fast moving fiducial
markers (up to 1.6 cm/s) by analyzing simultaneous kV and
treatment MV images. The analysis speed is as fast as 10 fps
and can report nearly real-time 3D positions of markers with
submillimeter accuracy.
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APPENDIX
Any fiducial projects on kV imager at P, (Uyy,vy). This
fiducial must be on the line of KP (as shown in Fig. 11):
X=Re =7 Frv
y=7v Uy
Z=7y Uy

(A1)

While vy is arbitrary, F,y and R,y are the source-imager dis-
tance (SID) and the source-axis distance (SAD) of kV sys-
tem, respectively.
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Fic. 11. Schematic diagram of relationship between kV and MV projections
of the same fiducial.

This fiducial projects on MV imager on plane MKP (as

shown in Fig. 11),
X+Db-(y+Ryy) +c-z=0, (A2)

while b and c are constants and Ry is the SAD of MV
system. Input Eq. (Al) to Eq. (A2), we have

(Rev— 7 Frv) +b vy Uy +b-Ryy+c vy v =0

or
Rovt b Ryy+ v (=Fry+b -ty +Cve) =0 (A3)
Since v is arbitrary, we get
b=- R (A%)
RMV
and
- FkV+b' UkV+C'UkV:0:
or
FiwvRwy u
o= TrvRuy Rev kv (A5)

Rvvuky

The projection on MV imager [B, (Uyy,vmy)] lies on a line
in the MV imager plane v=Fyy-Ruy, S0 that the projection
locations of A and B have a relationship:

vmv _ FmvRev + RuvUmy

vy FrvRvv + Ry
or

(FiwvRmv + Rvliy) - vmv = RuvtivUny = FuvRivvy -
(A6)

Typically, both MV and kV systems have a SAD of
100 cm and a SID of 150 cm, approximately,

v Uy — U
MV _ 1+ kv le
Ukv Fmv

For a small target, whose fiducials are within a region with a
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radius of 2 cm, |vmy/vky| is usually very close to unity
within £4%, i.e., vy and vy are close to each other.
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Intrafraction organ motion can limit the advantage of highly conformal dose techniques such as
intensity modulated radiation therapy (IMRT) due to target position uncertainty. To ensure high
accuracy in beam targeting, real-time knowledge of the target location is highly desired throughout
the beam delivery process. This knowledge can be gained through imaging of internally implanted
radio-opaque markers with fluoroscopic or electronic portal imaging devices (EPID). In the case of
MV based images, marker detection can be problematic due to the significantly lower contrast
between different materials in comparison to their k\V-based counterparts. This work presents a fully
automated algorithm capable of detecting implanted metallic markers in both kV and MV images
with high consistency. Using prior CT information, the algorithm predefines the volumetric search
space without manual region-of-interest (ROI) selection by the user. Depending on the template
selected, both spherical and cylindrical markers can be detected. Multiple markers can be simulta-
neously tracked without indexing confusion. Phantom studies show detection success rates of 100%
for both kV and MV image data. In addition, application of the algorithm to real patient image data
results in successful detection of all implanted markers for MV images. Near real-time operational
speeds of ~10 frames/sec for the detection of five markers in a 1024 X 768 image are accom-
plished using an ordinary PC workstation. © 2008 American Association of Physicists in Medi-
cine. [DOI: 10.1118/1.2905225]

Key words: fiducial tracking, IGRT, image guidance

[. INTRODUCTION

Modern conformal radiation therapy techniques, such as
intensity-modulated radiation therapy (IMRT), can provide
radiation doses that closely conform to the tumor dimensions
while sparing sensitive structures.™ To be optimally effec-
tive, these techniques require a high geometric precision in
both tumor localization and patient treatment setup. The
presence of inter and intrafraction organ motion uncertainties
can therefore reduce the benefit of using a highly conformal
radiotherapy technique. For instance, intrafractional respira-
tory or prostate based tumor motion can lead to tumor dis-
placements up to 2-3 cm over the course of routine
radiotherapy.®™ The use of image-guided radiation therapy
(IGRT) is a promising candidate to ensure proper targeting in
radiation treatment deliveries.’ Due to the dynamical nature
of human anatomy, it is most advantageous when IGRT can
be performed in real-time in order to ensure an accurate de-
livery of the planned conformal dose distribution.'*

Several methods of obtaining real-time tumor position are
available, and these can be categorized as being either indi-
rect (external surrogate-based) or direct (fiducial/image) in
nature. In general, indirect tumor location methods, such as
external skin marker tracking or breath monitoring tech-
niques, rely on the correlation between external body param-
eters and the tumor.>*2 In reality, the relationship between
external parameters and internal organ motion is complex
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and a large uncertainty may be present in predicting the tu-
mor location based on external signals. A direct tumor posi-
tion measurement is therefore highly desirable for therapeu-
tic guidance. In the last decade, a number of direct real-time
3D tumor tracking methods have been implemented, prima-
rily using fluoroscopyf"“'13 or magnetic field localization.**
In addition, the feasibility of using an electronic portal im-
aging device (EPID) and stereoscopic x-ray imaging for tu-
mor tracking has been explored.s’s’a'ls‘26

To be clinically useful, an internal marker tracking algo-
rithm should reliably segment markers from varying com-
plex anatomic image backgrounds, be able to track multiple
markers simultaneously without indexing confusion, and be
able to operate at near real-time speeds. Generally, marker
segmentation algorithms based on pixel intensity tend to fail
when markers are in the vicinity of high contrast structures
such as bone. A more reliable solution is the use of template
matching, as demonstrated by Shirato et al., in the tracking
of a spherical gold marker using multiple kV fluoroscopic
imaging systems.?® Tang et al. further extended the template
matching technique to include detection of cylindrically
shaped markers on an in-house built stereoscopic kV imag-
ing system.27 In their algorithm, the user first manually lo-
cated and defined a region of interest (ROI) around each
marker and determined the orientation of every cylindrical
marker, and then a template matching algorithm was applied
to the ROIs. The normalized cross correlation between the

© 2008 Am. Assoc. Phys. Med. 1942
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Fic. 1. Varian Trilogy with kV and MV imagers in extended positions. The
system’s frame of reference is denoted by arrows. A head phantom is located
on the couch.

template and correlate pixels was calculated for every pixel
and the highest cross correlation yielded the marker location.
The detection failure rate for their method could be up to
12%.

As of yet, few works have presented algorithms suitable
for tracking internal markers reliably using MV image data.'®
This is a consequence of the low inherent contrast between
different materials in MV based images, making image based
marker detection difficult.

This work proposes a novel pattern matching algorithm
specifically designed to work with both kV and MV imaging
systems. Unlike previous algorithms reported by Shirato
et al. and Tang et al. where only the cross correlation is used
for marker detection, this algorithm employs a criteria sys-
tem based not on only the correlation score, but also the
scaling factor and their combination. This is found to allow
100% successful marker detection rates, even on low con-
trast MV images. This algorithm is highly desirable since it
can combine MV imaging with kV fluoroscopy imaging to
locate real-time 3D tumor position during the actual radio-
therapy process, as recently demonstrated by Wiersma
et al.?® Unlike other tracking techniques, which require two
or more kV sources for 3D marker positioning,>>%%-2":%°
this technique has the inherent benefit in that only one kV
source is required for full 3D marker geometric information
since the actual MV treatment beam is also used for position-

ing.
IIl. MATERIALS AND METHOD

IILA. Hardware setup

A Varian Trilogy (Varian Medical System, Palo Alto, CA)
operating in the 6 MV photon mode was used for the study.
Images of the MV beam were acquired by an aSi EPID
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Fic. 2. (a) Flow chart algorithm computational path. (b) To the right is
shown the eight-bin orientation segmentation filter, (c) spherical pattern, and
(d) a cross section pattern for a vertical cylindrical marker.

(PortaVision aS-500, Varian Medical System, Palo Alto, CA)
attached to the LINAC, as shown in Fig. 1. The kV imaging
was accomplished using the onboard imaging system located
perpendicular to the treatment beam (Fig. 1). The kV imag-
ing system consisted of a 125 kV x-ray tube together with an
aSi flat panel imager (PaxScan 4030CB, Varian Medical Sys-
tems, Salt Lake City, UT). Pixel sizes of the kV and MV
detectors were 0.388 mm and 0.392 mm, respectively. Both
detectors had a resolution of 1024 X 768, corresponding to an
effective area of detection of approximately 40 cm X 30 cm.
The source-to-axis distances (SAD) were set to 100 cm and
source-to-imager distances (SID) were set to 150 cm for both
MV and kV systems (Fig. 1).

The markers used were either stainless steel ball bearings
(BB) or gold (Au) cylinders. The BB diameters varied from
1.57 mm to 4 mm, whereas the Au cylinders were 1.2 mm in
diameter and 5 mm in length (North West Medical Physics
Equipment, MED-TEC Company, Orange City, 1A). Effi-
ciency of the algorithm in segmenting markers from complex
anatomical image background was tested using a head phan-
tom (Fig. 1). The cylindrical fiducials were internally embed-
ded into the phantom, whereas BBs were mounted externally
on the phantom.

II.B. CT based region-of-interest definition

Prior planning CT knowledge can provide valuable
marker information that can be used to reduce the marker
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search space. Reduction of search space in turn removes un-
necessary image processing resulting in increased fiducial
detection speeds. As displayed by the flow diagram in Fig. 2,
a simple intensity based search for the markers was initially
done on the planning CT. Due to the large CT numbers of the
metallic markers relative to other anatomical structures, the
markers were easily segmented from the image background.
The displacement vector relating the CT isocenter to the
treatment isocenter was then used to transform the marker
CT coordinates to that of the treatment isocenter such that
each marker was given a 3D position (Xg,Yg,Zg) relative to
the machine isocenter. The expected projection location
(u,v) of each marker on either the kV detector or the EPID
can then be predicted by the following relationships
cos(¢)Xg + sin(¢)yp

U R sin(¢)xg + cos()ys' @

=F %
R - sin(¢)xg + cos(¢)yg’

where ¢ was the gantry angle, R was SAD, and F was SID.
As seen in Fig. 1, the x-axis was in the lateral direction of
patient couch, the y-axis was in the anterior-posterior direc-
tion, the z-axis was the superior-interior direction, and the
origin was the LINAC’s isocenter. The coordinates of the
imagers were defined in the (u,v) plane in Fig. 1.

Having located the expected positions of the marker pro-
jections, the search region was reduced to a small circular
ROI around each marker projection center. Typically, a ROI
with a radius of 75 pixels on the imager, or about 2 cm
around the fiducial position, was found to be adequate in
locating the marker. For markers located near each other,
overlapping ROIs would be grouped together. The fiducial
search was then performed group by group in order to avoid
redundancy.

(2)

II.C. Marker orientation

With a cylindrical marker of fixed length (I) and width
(w), the unsymmetrical shape could lead to a host of differ-
ent possible projection images depending on the marker’s
particular orientation relative to the source/imager setup. Pa-
rameters subject to variation were the marker’s projection
length and orientation (from 0°-180°). The marker projec-
tion length might vary from “1.5*w” (if the projection direc-
tion was along its longitudinal direction) to “1.5*1” (if the
projection direction was perpendicular to its longitudinal di-
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rection) with an amplification factor of 1.5 (=SID/SAD). To
take into account the different possible orientations, the 180°
rotation was divided into a number of bins, as shown in Fig.
2(b). As seen in the figure, each of the eight bins represented
two possible opposite directions, such that each bin covered
an angle of 22.5°. The center of this orientation filter was
placed on each pixel in a ROI group, and all adjacent pixels
from the center pixel were then grouped into eight bins cor-
responding to their particular angle. The average intensity of
each bin was computed and the bin with the highest number
was taken as the orientation of the center pixel. It should be
noted that the orientation results carried no information for
most of the pixels and it was only valid for pixels on a
cylindrical object. The eight-bin pattern was chosen based on
the limited pixel resolution of a projected marker. Due to the
small marker size, a detected projection was composed of a
limited number of pixels and therefore mosaic in nature
(typically with a width of ~5 pixels and a length of ~20
pixels or less). Therefore, for small angles of rotation, only a
few pixels would change. Using bin numbers greater than
eight generally did not lead to a more accurate angle deter-
mination since now the pixel noise could be the deciding
factor in a particular angle bin.

I1.D. Pattern matching algorithm

Different patterns were used for spherical and cylindrical
markers. Due to rotational symmetry, a simple spherical
marker pattern [Fig. 2(c)] was universally used for all BBs
with the same physical diameter. For cylindrically shaped
markers, a trapezoidal pattern [Fig. 2(d)] was used. The ra-
tionale behind this pattern was that even though a cylindrical
marker projection might undergo a wide variety of rotational
and length changes, the signal intensity distribution along the
cross section of the cylinder projection remained constant.
This cross section had a unique trapezoidlike pattern that was
experimentally found to be dependent on the marker’s width,
but independent of projection length. Searching for these
unique cross-sectional patterns along the orientation of every
pixel in each ROI allowed for identification of fiducials.

Depending on the sought-after marker, either a spherical
or cylindrical cross-sectional pattern {p;;} is used for the
matching procedure. At each pixel location (x,y) within a
ROI group, a comparison was made between the pattern and
the surrounding pixels ({fy.i+j}). Two basic criteria were
calculated: the square of the correlation coefficient Riy and
the scaling factor H, ,

@)

(4)
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where f,, was the average intensity of the pattern region
around pixel (x,y) and p was the average intensity of the
pattern distribution as given by

— 1
E 1:)<+i,y+ja (5)

Xy~ N
N (i,j) e Pattern

1
N > P (6)
(i,j) e Pattern

with N being the total pixel number of the pattern. The
square of the coefficient of correlation (R?) for a linear re-
gression could vary from 0 (no correlation) to 1 (perfect
correlation). The scaling factor H indicated the relative in-
tensity of the object compared to the background. As an ex-
ample, in an ideal case, the image was scaled from the pat-
tern after a background shift, f,.; .j=k-p;j+b, where k and
b were constants. The pattern matching result would be R)z(y
=1 and H,,=k.

Because the cylindrical cross sectional pattern is unable to
determine correct marker lengths, it was necessary to group
adjacent qualified cross sections and reconstruct their overall
lengths. If the calculated length was found to be longer than
the maximum projection length, the feature would be re-
jected. Here the maximum projection length was defined by
multiplying the actual physical marker length by the imager
magnification factor (=1.5) plus a reasonable margin.

II.E. Marker identification

With multiple markers it was easy to confuse the indi-
vidual marker labeling for kV or MV projections at different
gantry angles. The simplest case was when only one marker
exists in each ROI group. From Egs. (1) and (2) there was a
direct correlation of the ROI group to a specific marker. In
the case of multiple markers existing in the same ROI group,
the detected marker positions in this ROl group were corre-
lated to the planning CT markers corresponding to this ROI
group, while indexing was based on the shortest distances
between detected and predicted marker projections by using
Egs. (1) and (2). At certain gantry angles, it was possible that
two or more markers may be projected on the same (u,v)
location. In this case the number of detected markers in the
ROI group would be fewer than the number of expected
markers, indicating projection overlapping. This was re-
solved by comparing the measured to the predicted projec-
tions. If one or more of the projections was found missing,
but was calculated to be in close proximity to another
marker, this projection would be double counted.

II.F. Experimental validation and patient data analysis

To evaluate the algorithm’s efficiency when markers over-
lap or near different anatomical structures, a 360° gantry
rotation was performed around a head phantom. Images were
acquired every 0.56° for the kV imager (~640 images in
total) and every 10° with the MV imager (36 images in to-
tal). Having obtained the projection locations for each
marker, 3D spatial information could be calculated by using
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projections at different gantry angles together with Egs. (1)
and (2). Particularly, the results from pairs of MV and kV
projections were calculated.

As a preliminary test, this algorithm was also applied to
actual patient images previously acquired for patient setup
by onboard MV EPID. Five prostate patients with implanted
cylindrical fiducial markers were treated in the past two
years. Every patient had two or three fiducials (with a diam-
eter of 1.2 mm and a length of 3 mm) implanted. They were
treated on a conventional LINAC with MV EPID only. A
total of 196 MV projection images were acquired for patient
setup at anterior/posterior (AP) and lateral (LAT) directions
before every treatment fraction. After all images were ana-
lyzed, the 3D spatial positions were calculated from every
pair of AP and LAT images based on Egs. (1) and (2).

An in-house software (C language) was specified to ana-
lyze projection images and obtain fiducial positions. All cal-
culations were performed on a Dell Precision 470 worksta-
tion (3.4 GHz Xeon CPU and 4 GB RAM).

Ill. RESULTS

As a demonstration of the orientation and cross-sectional
pattern matching, a MV image of a head phantom with five
embedded cylindrical markers was examined [Fig. 3(a)]. For
a selected marker enlarged in Fig. 3(b), the eight-bin orien-
tations are shown in Fig. 3(c). As can be seen, for pixels
located around the fiducial, the ~45° angle was favored,
corresponding to the actual projection orientation. Having
determined the orientation, a 90° rotation was made and the
marker’s cross section was segmented from the image back-

Fic. 3. (a) MV image of a head phantom with embedded Au cylindrical
fiducial. (b) On the right shows magnified image of the selected marker
displaying orientation and cross section (dotted line). (c) Orientation map
with pixel intensity corresponding to adjacent intensity orientation for the
selected marker. (d) Segmented cross-section. (e) Application of the cross-
section pattern.



1946 Mao, Wiersma, and Xing: Fiducial tracking

Fic. 4. Side-by-side kV (left column)/MV (right column) comparison of
marker detection for five gold markers embedded in a head phantom. (a) and
(b) Projection image and the predicted BB ROIs were highlighted, (c) and
(d) R? results (threshold applied), (e) and (f) scaling factors (threshold ap-
plied), and (g) and (h) searching index=R?" scaling factor.

ground [Fig. 3(d)]. Then the cross-sectional pattern at 45°
orientation [Fig. 3(e)] was applied to calculate Riy and Hy,.

Figure 4 is a side-by-side comparison of the kV and MV
detection process for five cylindrical Au markers embedded
in a head phantom. The kV and MV images were acquired at
a MV gantry angle of 220°. It should be noted that the on-
board kV x-ray source is always rotated 90° relative to the
MV source (Fig. 1). Application of the algorithm uses prior
planning CT information to first define the ROI for each
fiducial, as shown by the circular highlighted regions in Figs.
4(a) and 4(b). After ROIs were defined and grouped, orien-
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Fic. 5. Projection locations of one cylindrical fiducial on kV and MV im-
ages as functions of kV and MV gantry angles, respectively.

tation and pattern matching were applied to each ROI group
and resulted in only image data that conformed to the cross-
sectional pattern [Figs. 4(c)-4(f)]. The scaling of the ROIs
led to greater background image segmentation for the kV
case [Fig. 4(e)] over the MV case [Fig. 4(f)]. The product of
the scaling factor H and the correlation R? led to complete
segmentation of the markers, as displayed in Figs. 4(g) and
4(h). In this case a threshold of 0.6 and 0.006 for R? and H,
respectively, were determined by previous trials and used
through all our analyses.

Both kV and MV projections were analyzed using our
detection algorithm, where it was found that all five markers
were correctly detected for every kV and MV projection.
Figure 5 plots the (u,v) coordinates on both the kV and MV
detectors for one of the markers. Spatial positions of every
marker were calculated for all MV projection images with
their corresponding kV partner images gathered over the
360° gantry rotation. Table | summarizes these results, where
it can be seen that the standard deviation of the location is
better 0.5 mm and the errors are within 1 mm.

All patient images were analyzed similarly. In all cases
the detection success rate was 100%. Figure 6 displays AP
(left column) and LAT (right column) images of three mark-
ers embedded in a prostate. Three-dimensional positions of
markers were calculated from pairs of AP and LAT projec-
tions. Figure 7 shows a fiducial marker’s various 3D posi-
tions for 14 fractions. It should be noted that those images
were taken at the beginning of patient setup and these posi-
tions were not yet the treatment position.

TasLE |. Variation of FM 3D positions calculated from MV/kV pair projections at 36 different gantry angles.

FM #1 FM #2 FM #3 FM #4 FM #5
X y z X y z y z X y z X y z
Mean -22.9 22.3 -17.2 20.7 24.1 0.0 -31.9 25 -17.3 -32.7 22.7 19.5 22.8 304
Max—Mean 0.7 0.7 0.3 0.4 0.6 0.4 0.6 0.3 0.6 0.7 0.3 0.5 0.6 0.6
Min—Mean -0.6 -0.7 -0.3 -0.7 -0.6 -0.3 -1.0 -0.6 -0.3 -0.8 -0.8 -0.4 -0.7 -0.9 -0.4
Standard Dev 0.4 0.4 0.2 0.3 0.4 0.2 0.4 0.2 0.4 0.4 0.2 0.3 0.4 0.2
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Fic. 6. Analyzing five cylindrical fiducials in a prostate patient MV image
at AP (left column) and LAT (right column) directions. (a) and (b) DRR
images, (c) and (d) Projection image and the predicted BB ROIs were high-
lighted, (e) and (f) R? results (threshold applied), (g) and (h) scaling factors
(threshold applied), and (i) and (j) searching index=R?" scaling factor.

In the case for symmetrical markers such as BBs, the
algorithm can be easily modified by using the spherical pat-
tern, as shown in Fig. 2(c). This detection is more simplistic
compared to cylindrical marker detection since the BB pro-
jection image is independent of the BB’s orientation. More
than 2000 combined kV and MV projection images were
made of four spherical BB markers (Fig. 8). For all images
the algorithm was able to successfully detect the markers.

IV. DISCUSSION

The continued advancement of medical imaging technol-
ogy is reaching the stage where procurement of high reso-
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Fic. 7. 3D spatial position of a fiducial in a prostate patient before treatment
setup at 14 treatment fractions.

lution anatomical images can be acquired rapidly and with
low diagnostic dosages. In addition, utilizing the actual MV
treatment beam for imaging has the potential to further re-
duce diagnostic doses. These various imaging modalities
pave the way for real-time IGRT. For the tested projection
images, the algorithm demonstrates high successful detection
rates together with near real-time speeds. As seen in Figs. 4,
6, and 8, reliance on only R? can lead to false positive marker

Fic. 8. Analyzing four BBs on kV (left column) and MV (right column)
images. (a) and (b) Projection image and the predicted BB ROIs were high-
lighted, (c) and (d) R? results (threshold applied), (e) and () scaling factors
(threshold applied), and (g) and (h) searching index=R?" scaling factor.



1948 Mao, Wiersma, and Xing: Fiducial tracking

detection, especially for MV based projections. The combi-
nation of these two criteria resulted in 100% success detec-
tion rates for all 3500 images kV or MV projections ana-
lyzed. It is important to emphasize that multiple markers
could be successfully tracked on MV images.

Fast marker detection is a crucial component of real-time
image based tracking. This algorithm quickens the search
process in two aspects. First, the orientation and cross-
sectional pattern matching for cylindrical markers simplifies
the problem due to cylindrical orientation and projection
length, which would otherwise require a large number of
patterns to be tested.?” Secondly, the search space is signifi-
cantly reduced by incorporating prior CT marker location
knowledge. For a typical 1024 X 768 image with five cylin-
drical markers, the processing time is reduced from ~1 s to
0.1 s upon incorporating ROI selection. For fewer markers
this time would be reduced even further. Generally, spherical
marker detection requires approximately half the computa-
tional time as compared to detecting the same number of
cylindrical markers. In addition, this process is completely
automated and does not need any manual location initializa-
tions, which is another asset.

Currently, the EPID imager used in this study is hardware
limited to a maximum frames-per-sec (fps) rate of ~7.5 fps.
It is, however, envisioned that as future faster kV and MV
detectors become available, the algorithm’s detection time
can be further reduced. In general, the maximum clinically
seen velocity of a tumor is ~4.0 cm/s (respiratory based).
With the current 7.5 fps imaging speed this would corre-
spond to a between frame marker travel distance of
~0.5 cm. This distance is small in comparison to the 2 cm in
radius ROl used for detection. To increase computational
speeds it is beneficial to reduce the search space defined by
the ROI. This could be accomplished by recalculating a new
0.5 cm in radius ROI for each new frame analyzed. The lo-
cation of this ROl would be centered on the marker’s loca-
tion in the previous frame, thus ensuring that the marker is
located within the ROI.

As demonstrated in Fig. 5, the orthogonal location of the
kV imager relative the MV imager allows for calculation of
the 3D position of the markers from the isocenter. Although
this current work consists of retrospective analysis, it is ex-
pected that this tracking algorithm can provide real-time 3D
tracking in such a system. This is especially convenient on
treatment systems pre-equipped with kV and MV onboard
imaging equipment as it should only require minimal hard-
ware changes, thus being a cost effective solution for imple-
menting IGRT.

V. CONCLUSION

Fast and reliable localization of implanted metallic fidu-
cials of various shapes has been an important yet challenging
problem in kV stereoscopic image guided RT. This problem
is further aggravated by much reduced image contrast when
MV beam imaging is involved for therapeutic guidance. A
new pattern matching algorithm has been proposed to track
multiple spherical or cylindrical fiducial markers on both
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MV and kV projection images. A completely automated de-
tection, 100% detection efficiency, and fast detection speed
(10 frames/sec) enable tracking tumor motion in real-time
on a LINAC with both kV and MV imaging systems. This
algorithm makes it a suitable candidate for future image-
guided radiosurgical procedures.
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In the presence of intrafraction organ motion, target localization uncertainty can greatly hamper the
advantage of highly conformal dose techniques such as intensity modulated radiation therapy
(IMRT). To minimize the adverse dosimetric effect caused by tumor motion, a real-time knowledge
of the tumor position is required throughout the beam delivery process. The recent integration of
onboard kV diagnostic imaging together with MV electronic portal imaging devices on linear
accelerators can allow for real-time three-dimensional (3D) tumor position monitoring during a
treatment delivery. The aim of this study is to demonstrate a near real-time 3D internal fiducial
tracking system based on the combined use of kV and MV imaging. A commercially available
radiotherapy system equipped with both kV and MV imaging systems was used in this work. A
hardware video frame grabber was used to capture both kV and MV video streams simultaneously
through independent video channels at 30 frames per second. The fiducial locations were extracted
from the kV and MV images using a software tool. The geometric tracking capabilities of the
system were evaluated using a pelvic phantom with embedded fiducials placed on a moveable
stage. The maximum tracking speed of the kV/MV system is approximately 9 Hz, which is prima-
rily limited by the frame rate of the MV imager. The geometric accuracy of the system is found to
be on the order of less than 1 mm in all three spatial dimensions. The technique requires minimal

hardware modification and is

potentially useful

for image-guided radiation therapy

systems. © 2008 American Association of Physicists in Medicine. [DOI: 10.1118/1.2842072]
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[. INTRODUCTION

In radiation therapy (RT), delivering a highly conformal dose
distribution to a static three-dimensional (3D) target is
largely solved by techniques such as intensity modulated ra-
diation therapy (IMRT).}? What remains problematic is how
to take into account the dynamic nature of human anatomy,
where both inter- and intrafraction organ motion can limit
target dose conformity®* and therefore local tumor control.®
Tumor motion can be addressed by increasing the planning
target volume (PTV) to include the entire range of motion of
the target, however, usually at the cost of irradiating more
healthy tissue. Other techniques used to address tumor mo-
tion are direct patient intervention through breath-hold
techniquesG or the delivery of radiation only when the target
is in a known geometric location by the use of gating.*°
These techniques transform the problem of targeting a mov-
ing tumor into a more easily manageable static treatment
case. ldeally, one would like to deliver highly conformal ra-
diation, as in a static IMRT case, to a moving target without
beam interruption or patient intervention. Promising candi-
dates in this direction include tumor tracking by moving the
radiation source itself"*** or the beam defining multileaf
collimator. ™6

To successfully guide a gating or tracking RT delivery
system, real-time knowledge of the target geometric location
is necessary. Several methods of obtaining the real-time tu-
mor position are available and these can be categorized as
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being either indirect (surrogate-based) or direct (fiducial/
image) in nature. In general, indirect tumor location meth-
ods, such as external skin marker tracking'®'"*® or breath
monitoring techniques,™ rely on the correlation between ex-
ternal body parameters and the tumor. In reality, the relation-
ship between external parameters and internal organ motion
is complex and a large uncertainty may be present in predict-
ing the tumor location based on external signals.%?! The
unreliable correlation represents one of the weakest links in
the quality chain of respiration-gated and four-dimensional
(4D) RT. A direct tumor position measurement is highly de-
sirable for therapeutic guidance. In the last decade, a number
of direct real-time 3D tumor tracking methods have been
implemented, primarily using fluoroscopy?>?* or magnetic
field localization.?* The feasibility of using electronic portal
imaging devices (EPID) for real-time tumor targeting has
also been explored.25 However, since only a single in-line
MV beam was employed, this approach suffers from insuffi-
cient information to completely define the 3D coordinates of
the embedded fiducials.

With the emergence of linear accelerators (LINACS)
equipped with both onboard kV imaging and EPID, the po-
tential exists to obtain the tumor position in real-time during
the radiation delivery process through the combined use of
the MV treatment beam and kV projection images. In this
work we report our implementation of such a real-time 3D
tracking system and demonstrate that a spatial accuracy of

© 2008 Am. Assoc. Phys. Med. 1191
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Fic. 1. Varian Trilogy with kV and MV imagers in extended positions.
System frame of reference is denoted by dashed arrows. A pelvic phantom,
placed on a movable stage, is located on the couch. To the right is displayed
the process path used for image acquisition.

<1 mm is achievable in tracking fiducials using the pro-
posed technique. The method takes advantage of the kV/MV
imaging devices already mounted on commercially available
treatment machines, thus providing an easily implemented
method for monitoring intrafractional tumor motion. Since
projection data containing two-dimensional target informa-
tion is obtained using the actual treatment beam, the pro-
posed method only requires the use of one kV source in
gaining the other spatial dimension necessary for full 3D
target localization. Compared to other fluoroscopic tracking
systems, which require the use of two or more additional kV
X-ray imaging systems, the technique may offer potential ra-
diation sparing to the patient and overall system cost reduc-
tions. With the use of real-time spatial trajectory information
of fiducials in the future, it is hoped that uncertainties in
intrafraction target localization can be greatly reduced, thus
ensuring a more accurate delivery of the planned conformal
dose distribution.

IIl. MATERIALS AND METHOD
IILA. Hardware setup

A Varian Trilogy™ system (Varian Medical Systems, Palo
Alto, CA) operating in the 6 MV photon mode was used for
this study. Images of the MV beam were acquired using an
aSi EPID (Portal Vision MV AS-500, Varian Medical Sys-
tems, Palo Alto, CA) attached to the LINAC as shown in Fig.
1. The kV imaging was obtained by using the onboard kV
imaging system located perpendicular to the treatment beam
(Fig. 1). The device consists of a 125 kV x-ray tube together
with an aSi flat panel imager (PaxScan 4030CB, Varian
Medical Systems, Salt Lake City, UT). Both kV and MV
detectors have a pixel width of 0.392 mm and a maximum
resolution of 1024 X768, corresponding to a 40 cm
X 30 cm effective area of detection. The maximal frames
per second (fps) obtainable from the kV and MV detectors in
this work are 15 and 9 Hz, respectively. The kV and MV
source detector distances (SDD) are set to 180 and 150 cm,
respectively, though in principle this can be varied to a wide
variety of distances as allowed by the robotic arms (Fig. 1).
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Fic. 2. Displayed snap shots of a BB fiducial in a pelvic phantom for the kV
and MV video streams before [(a) and (c)] and after [(b) and (d)] applying
the fiducial detection algorithm on the selected ROI.

I1.B. kV/MV image acquisition and marker localization

A dedicated image processing PC was used to process and
analyze both kV and MV video streams simultaneously as
detailed in Fig. 1. Two channels of a four channel PCI video
grabber (ProVideo 149P, ProVideo Co., Taipei Hsien, Tai-
wan) were used to grab the kV and MV video streams at 30
fps per channel with a resolution of 640X 480. A freely
available third party software program,”® designed for ma-
chine vision prototyping, was used to interface with the cap-
ture card and analyze the video. The software contains a
large database of common video processing filter modules
and allows the user to apply, or remove, various combina-
tions of filters to the video pipeline in real time. In addition,
the program allows customized script filters to be created.
The following sequence of filters were found to be adequate
in detecting the fiducial; (1) a region-of-interest (ROI) filter,
(2) pseudocolor filter to convert the grayscale captured im-
age into a color image, (3) a color filter to extract the fiducial
color value, (4) a mean filter to average pixel values to re-
duce noise, (5) a detect blob filter to segment the fiducial
from the background, (6) a center-of-mass filter to calculate
the central pixel location of the blob, and (7) an in-house
written script filter to convert the pixel location to a real-
space location from system isocenter.

The ROI filter requires the operator to manually enter
pixel locations to define a rectangle encompassing the fidu-
cial’s range of motion (Fig. 2). Through a process of visual
inspection and identification, the operator must initially de-
fine the ROI for both kV and MV video streams. Use of the
ROI filter has the benefit of removing unnecessary back-
ground pixel information from the image-processing pipe-
line, thereby increasing computational speed. In the event of
a large change in fiducial motion (couch shift or phantom
repositioning), the ROl may no longer encompass the entire
range of motion of the fiducial, in this case the ROl must be
redefined.
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Fic. 3. Geometric sketch detailing variables used for calculation of a mark-
er’s (x,y,z) position from isocenter (0,0,0). The xz plane is shown with the
y axis pointing out of the page.

The pseudocolor filter converted the grayscale image to a
spectrum of colors ranging from red to blue, with black cor-
responding to blue and white to red. Thus, metallic fiducials
appeared reddish after application of the filter. This allowed
for easy detection using a red color filter (step 3). It should
be noted, that an intensity based fiducial segmentation can
also be performed, however, in this study we found the
pseudocolor followed by a color filter technique to be ad-
equate.

The blob filter module was provided by the software
package and allows identification of a cluster of pixels, or
blob, based on its particular features. By providing features
as the size and shape of blobs pertaining to fiducials, the blob
filter is able to identify and segment the fiducial from the
image even in the presence of a noisy background.

Having detected the fiducial’s center-of-mass, the real-
space (x,y,z) marker locations from system isocenter were
calculated using the geometric relationships depicted in Fig.
3 and given by the following relations [Egs. (1) and (4)]:

Xmv X

= : (1)
Auwv-s+ duv-g dmv-s—Z
Ymv y
= , (2)
duv-s+ duv-g dmv-s—Z
Xy z
= , (3)
Ogv-s* div—g  Oxy-s* X
Y y
o= ()

Ogv-s* div—g  Ory-s* X

Here (x,y,z) corresponds to the marker’s position from sys-
tem isocenter where the isocenter is defined at 100 cm source
axis distance (SAD) and the center of the MV beam. The kV
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and MV photon source-to-isocenter distances are given by
dyy-s and dyy-_s, respectively. The isocenter to kV and MV
detector distances are given by d.y_q and dyy-g, respec-
tively. The algorithm also takes into account gantry angle (6)
by use of a rotational transform matrix equation to connect
the systems frame of reference with that of the laboratory

cosf® 0 siné|[x x
0 1 0 |[ly|=(Y | (5)
-sin@® 0 cosé@|\z zZ

where (x’,y’,Z') denotes the marker’s coordinates from sys-
tem isocenter in the laboratory’s frame of reference.

Although the fiducial detection and localization algorithm
lowers the processing speed to 15 fps due to processing time,
the main bottleneck is found to be the ~9 fps hardware
limitation of the EPID aSi detector. Therefore, the maximum
3D fiducial tracking speed of the system is approximately 9
fps.

II.C. kV and MV tracker calibration

Calibration of the tracking system was necessary in order
to convert the detected location of the center-of-mass of the
fiducial in the image frame to the real space coordinate of the
fiducial in the laboratory frame of reference. The calibration
technique used a single 3.0 mm diameter stainless steel ball
bearing (BB) fixed near the end of a Styrofoam block-like
phantom with a dimension of 600 mmX200 mm
X 23 mm. The end, not containing the BB, was rigidly
mounted to a 3D displacement stage place on the couch,
whereas, the other end, extended 500 mm over the couch
toward the gantry. This setup allowed images of the BB con-
taining little background artifacts due to removal of the
couch from the kV and MV imagers’ field of view. In addi-
tion, the low mass density of the Styrofoam support structure
made it relatively transparent to kV and MV radiation, allow-
ing easy detection of the fiducial. Using the manually oper-
ated displacement stage, the BB was moved in 3D space with
a precision better than 0.5 mm. The calibration consisted of
two parts: (1) defining the isocenter position in the laboratory
frame of reference and (2) making known displacements of
the BB from the isocenter. The LINAC’s isocenter was used
as the origin of the laboratory frame (Fig. 1). A mechanical
front pointer assembly (Varian Medical System, Palo Alto,
CA) was locked in the LINAC’s collimator and a mechanical
measurement rod was used to position the BB at system
isocenter with a precision better than 1.0 mm. The BB’s X, y
pixel location was then detected using the kV and MV video
streams and the pixel locations recorded. The BB was then
shifted using the 3D stage to ten known static geometric
locations and the resulting X, y pixel locations were recorded
(Fig. 4). The theoretical BB displacements from isocenter
were calculated using Egs. (1)—(4) for each imager and plot-
ted in Fig. 4. Linear fitting allowed extraction of the pixel
sizes, which for the kV detector are x axis=0.860=*0.01
mm/pixel and y axis 0.849+0.008 mm/pixel, and for the
MV detector are x axis=0.669*0.007 mm/pixel and
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Fic. 4. Detected pixel location on the kV (left) and MV (right) detector surfaces for several well known displacements of a 3 mm diameter BB. Slope of linear

fit (dotted line) allows calibration of pixel size.

y axis 0.670+0.008 mm/pixel. After calibration, the dis-
placement vector from isocenter can be calculated for an
arbitrary movement of the BB in 3D space.

Due to the weight of the gantry and imaging devices,
gantry sag may happen during rotation, resulting in geo-
graphical inaccuracies. Therefore, at each new gantry angle
investigated, the calibration procedure was repeated to get a
calibration tuned to that specific gantry angle. It was neces-
sary to perform calibration only one time for a specific gan-
try angle. Only in the event of changes to the system setup,
as kV/MV imager realignment, was it necessary to repeat the
tracker calibration. In general, this is similar to the geometric
calibration done during the commissioning of a new ma-
chine, where the gantry angle specific calibration data is used
for accurate imaging or cone beam reconstruction.

[I.D. Quality and accuracy evaluation

To quantify the accuracy and precision of the tracking
technique, an in-house built movable platform was used to
move a pelvic phantom containing a stainless steel BB of 3
mm in diameter (Fig. 1). Both amplitude and period of the
platform can be adjusted. In this study, the amplitude of os-
cillation was fixed to 20 mm along the y axis, whereas the
period was varied to 1.8, 3.0, 3.4, and 5.0 s. The platform is
supported by four high precision wheels on each of its four
corners and is oscillated using an electronic variable speed
gear motor connected via a rigid drive shaft. Four custom
built wedges were placed underneath each of the stage’s
wheels, creating movement in the z direction with amplitude
7.5 mm. For a given sinusoidal wave driving the platform,
the sinusoidal motion generated was verified, using an elec-
tronic caliper with 0.02 mm accuracy, to have a root mean
square (RMS) deviation of no more than 0.2 mm from the
theoretical value in both the y and z directions. To generate
motion in the x axis, the platform was rotated by 45° with

Medical Physics, Vol. 35, No. 4, April 2008

respect to the y axis, as shown in Fig. 1. This enables the
stage to move along both the x and y axis with an amplitude
~20/ 2 mm.

Ill. RESULTS

Using the system setup in Fig. 1, the pelvic phantom was
oscillated at a fixed period of 3.4 s. The tracked fiducial
motion from isocenter is plotted in Fig. 5 along all x, y, and
z spatial components as a function of time. As can be seen,
the tracked fiducial location undergoes sinusoidal motion
with a fixed amplitude and period along the three coordi-
nates. The tracked motion agrees well with the known move-
ment of the fiducial embedded in the pelvic phantom. The
measured amplitudes in the x- and y-axis directions are ap-
proximately 13.6 and 14.2 mm, respectively. These values
are very close to 20/ /2 mm, as expected for a motion along
45°. As shown in Fig. 5, the theoretically sinusoidal function
inputted in the motion platform (denoted by the solid curves)
agrees well with the measured data points. Comparison of
the expected and measured curves reveals RMS values of
0.86 and 0.55 mm for the x- and y-axis motion, respectively.
The amplitude of fiducial movement along the z axis is mea-
sured to be 8.1 mm, which is also in close agreement with
the actual 7.5 mm amplitude of the stage. Here the RMS is
calculated to be 0.50 mm from the expected value. These
measurements were done at a gantry angle of 180° and were
repeated for different gantry angles of 90°, 135°, 270°, and
360°, in which similar results were obtained after applying
Eqg. (5).

The net magnitude of the fiducial away from system iso-
center is plotted in Fig. 6. From the figure it is seen that the
amplitude of displacement of the fiducial from isocenter is
~21.3 mm, which agrees well with the calculated ground
truth value of 21.4 mm. The mean square deviation of the
measured from the expected values is found to be 0.63 mm.
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Fic. 5. Plot of real-time fiducial motion along X, y, z obtained using simul-
taneous kV/MV imaging. Motion is with respect to system isocenter. Solid
curve is predicted motion. Deviation between predicted and experimental
data points expressed as RMS.

Investigation of system tracking speed response was ac-
complished by varying the platform period of oscillation
from 5.0 s to the lowest settable value of 1.8 s. The measured
y displacement for different frequencies were compared to
each other and also to the known values shown in Fig. 7.
This comparison is possible due to the geometric setup,
where both kV and MV detectors are able to detect motion
along the y axis (Fig. 1).

Figure 8 is a plot of the measured y,,, and yy as a func-
tion of time. The larger amplitude of the kV trace in com-
parison with the MV trace relates to the kV detector being
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Fic. 6. Plot of magnitude of fiducial away from isocenter as a function of
time. Solid curve is predicted motion with deviation between theoretical and
experimental expressed as RMS.

further away from the system isocenter (dy,-q=80 cm) than
the MV detector (dyy-g=50 cm), leading to increased mag-
nification. As can be seen, it is found that the MV trace lags
behind the kV trace by approximately ~70 ms.

IV. DISCUSSION

A critical step in dealing with intrafraction tumor motion
is the real-time monitoring of the tumor position. Despite
intense research effort in attempting to utilize the inherent
image features to extract real-time information of tumor mo-
tion, at this point, implantation of metallic or electromag-
netic field based fiducials remains the most reliable way to
accomplish the stated goal. In this work we have described a
combined kV/MV fiducial tracking system using a commer-
cially available Trilogy system. It allows us to monitor fidu-
cial motion by use of the system’s pre-equipped onboard
imager and EPID.

The program used for fiducial detection has the flexibility
of allowing a large number of different types of image analy-
sis techniques to be applied with minimal programming ef-
fort. Although, by no means a fully optimized and robust
solution for the clinic, the fiducial detection algorithm, was
found to be adequate in providing a proof-of-concept that
kV/MV tracking is indeed possible. The main weakness of
the method used for fiducial segmentation and sequentially
detection was it being intensity based in nature, and thus not
robust against large intensity fluctuations. This may be prob-
lematic when the fiducial is moving in the vicinity of high
density objects such as the bone that can have similar inten-
sity values as the fiducial, resulting in loss of the tracking
signal. Use of a ROI to remove any high contrast background
objects from the analyzed area did correct this problem for
the pelvic phantom used in this study, however, in actual
patient situations, where fiducials can move below bony
structure, loss of tracking signal may occur. In addition, an
inherent problem with the use of EPID imaging is that the
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Fic. 7. Comparison of fiducial motion along the y axis at isocenter for the kV (left) and MV (right) detectors for different periods of oscillation. Solid curve

is expected motion.

contrast between different material densities is significantly
lower than with kV imaging. Even with the use of radio
opaque markers as gold fiducials, the photon mass attenua-
tion coefficient ratio (u/p)au/ (1/p)u,o is near 1.0 at 1 MeV,
compared to 30 at 100 keV. This poses a strong incentive in
developing EPID image enhancement techniques targeted
specifically to deal with poor material density distinction.
The 3.0 mm diameter stainless steel BB used in the study
is larger than the gold fiducial markers used clinically (typi-
cally 1.2 mm in diameter and 3-5 mm in length). Due to
the decrease in resolution as the frames are down converted
from their native 1024 X 768 format to 640 X 480 for video
based analysis, the subsequent worsening of image quality
may make the use of the smaller clinical fiducials more prob-
lematic. For proof-of-concept demonstration that kV/MV
tracking is feasible, it was decided that a more easy to detect
3.0 mm BB should be employed. It is, however, envisioned
that detection of smaller cylindrical gold fiducials is possible
at a near real-time speed provided that one can access the
native 1024 X 768 images directly captured by the kV and
MV detectors. This would require cooperation with the

Medical Physics, Vol. 35, No. 4, April 2008

equipment manufacturer and will be investigated in future
work. In addition, a more advanced fiducial detection algo-
rithm will most likely be necessary for the successful imple-
mentation of the kV/MV tracking technique. Tang et al. have
recently demonstrated tracking of multiple cylindrical fidu-
cials through the use of pattern recognition and fiducial
prediction.?” Additionally, their algorithm allowed tracking
of fiducials near or under high density objects. Under current
investigation is a prior knowledge based adaptive method
capable of temporal and spatial marker prediction. The tech-
nique is particularly valuable in locating the fiducials that are
partially or completely blocked by the MLC at certain seg-
ments during the IMRT delivery. It is anticipated that this
type of fiducial detection algorithm will be useful for the
kV/MV tracking technique.

Currently, the ROI is manually defined by the operator
through a process of visual inspection and identification of
the fiducials in the kV and MV images. The ROI procedure
is straightforward and can be done in less than a minute. This
procedure can be further simplified by use of a pointer inter-
face device, such as a computer mouse, to draw a ROI di-
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Fic. 8. Comparison of tracked real-time fiducial motion along the y axis as
detected by the kV and MV detectors.

rectly on the image as opposed to manual entry through the
keyboard. A more automated approach is to use an algorithm
to examine the prior planning CT image data to locate the
fiducials and to evaluate their motion on the kV and MV
imagers. A ROI, large enough to encompass the entire range
of motion for the fiducial, can then be automatically defined
around each fiducial.

To investigate velocity response of kV/MV system, the 3
mm BB is oscillated at various sinusoidal frequencies as
plotted in Fig. 7. As can be seen, for periods approximately
T=3 s, the detected pixel location of the fiducial corre-
sponds well to the theoretically predicted position of a gen-
erated sinusoidal function with the corresponding amplitude
and period set by the movable platform. For T<3 s, it is
found that the kV detector is able to maintain a high fiducial
tracking accuracy, whereas, the detected positions of the fi-
ducial from the MV detector is found to deviate from the
predicted ones. Visual observation of the kV and MV detec-
tor video streams reveals this as resulting from motion in-
duced blurring. For all periods of oscillation produced by the
motion stage it is seen that the kV detector accurately cap-
tures an image of the spherical BB without distortion. This is
in contrast to the MV detector, where it is seen that for T
=1.8 s, the spherical shape of the BB becomes elongated
along the direction of motion. The image distortion is found
to be most severe during mid, or the highest velocity, portion
of the oscillation curve. In the T=1.8 s case, this corre-
sponds to a BB velocity of ~7 cm/s at midoscillation. The
elongated BB image resulted in a larger detected pixel group,
leading to an erroneous center-of-mass pixel calculation. A
motion restoration algorithm may be useful in this situation
to deblur motion artifacts. However, in real patient scenarios,
the maximum tumor velocity is generally observed to be less
than 4 cm/s. As shown by the T=3.0 s (maximum velocity
~4.2 cm/s) case, the response speed of the imagers should
be adequate for most clinical situations.
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As shown in Fig. 5, for a particular sinusoidal wave set by
the moving stage, the kV/MV tracking system measures a
similar function that is found to differ no more than 1 mm
RMS. Considering the 0.2 mm RMS error generated by the
platform, it can be assumed that the k\V/MV system is mea-
suring with an actual RMS under the reported values in Fig.
5. This is expected due to the detector pixel sizes being mea-
sured at ~0.85 and ~0.67 mm/pixel at the surface of the
detector, even with a down converted image frame (1024
X 768 to —640 X 480). With the amplification factor (~1.5 in
the kV/MV system) the pixel size is further reduce to ~0.57
and ~0.44 mm/pixel at the isoplane for the kV and MV
imagers, respectively. These accuracy numbers are expected
to further increase once full image frames at their native
1024 X 768 can be captured without down conversion.

As pointed out in a previous work,”® mechanical and elec-
tronic response times, that may be acceptable in 3D RT, can
limit the precision of dose delivery in the 4D case. This is
also seen in the presented kV/MV tracking system, which, as
detailed in Fig. 1, is comprised of two separate systems that
each suffer from their own particular processing and elec-
tronic delay times. This manifests itself in the data of Fig. 8,
where the phase of the MV signal lags behind the kV signal
by approximately ~70 ms. In calculating the fiducial coor-
dinates using Egs. (1)-(4), this lag will lead to positional
errors since the EPID position (X, Ymy) iS not in sync with
the kV position (X, Yiy) for a particular CPU clock cycle.
In general, this systematic error can be corrected for by pair-
ing the current MV imager (Xyv,Ymy) data with kV
(Xev» Ykv) data retrospectively delayed by 70 ms. Fortunately,
in this study, the 70 ms processing delay resulted in a negli-
gible positional error for all periods of oscillation investi-
gated. Consultation with the manufacture revealed a
~0.67 ms delay time for the kV imaging system. Combined
with the 70 ms MV imager lag and associated video process-
ing time a total delay time of ~150-200 ms can be esti-
mated. Since no prediction filters are used in the tracking
system, the marker is measured with a ~150-200 ms time
lag. For short periods, or fast velocities, these electronic re-
sponse times may hamper the geometric accuracy of fiducial
tracking. Adaptive motion prediction filters**~* may be use-
ful in compensating for these electronic delay times. In gen-
eral, response time is judged to be primarily a technological
issue and will most likely be improved with the development
of future fast response detector and image processing
systems.

When using the pelvic phantom, it was found that scat-
tered radiation from the treatment beam can blur the kV im-
ages. This is especially noticeable for isocenter-to-imager
distances of dy,_q<<70 cm. The scattered MV radiation su-
perimposes over the kV imaging beam at the kV aSi detec-
tor, making fiducial detection difficult. Increasing dy,,_q to 80
cm reduced the contribution of scattered MV photons, allow-
ing detection of the fiducial using the aforementioned inten-
sity based algorithm. Another potential solution for reducing
the influence of the scattered MV radiation is the use of
multiplexing through kV beam pulsation.®® This technique
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separates the kV source image from any MV scattered radia-
tion, allowing d,\q distances of less than 70 cm to be used.
Another potential method would be through controlled
kV/MV beam switching (i.e., quick beam gating or pulsing),
such that at a given instant of time, either the kV or MV
source is on, but not both simultaneously. This would com-
pletely remove any MV radiation during the kV imaging
process. It is also likely that the optimal kV/MV switching
rate will be disease site dependent. For certain sites, such as
the prostate, it is expected that the kV beam is needed less
frequently.

V. CONCLUSION

A real-time 3D fiducial tracking system using combined
kV and MV imaging has been successfully demonstrated for
the first time. This technique is especially suitable for RT
systems already equipped with on board kV and EPID imag-
ing devices. The geometric accuracy of the system is found
to be on the order of 1 mm in all three spatial dimensions.
Given its simplicity and achievable accuracy, the proposed
approach, should find widespread clinical application in real-
time monitoring of the tumor position and in providing a
control signal to respiration-gated and even 4D radiation
therapy.
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